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Cubic membranes (CM) are highly organized membrane structures found in 
biological systems and they have been well-defined mathematically, revealing 
their three-dimensional nano-periodic structures with virtual cubic symmetry. 
These remarkable membrane arrangements are frequently observed in cells under 
stress, disease states or viral infection. However, knowledge on their formation 
mechanism and their biological role(s) is scarce. In my work, I studied CM found 
in the mitochondria of amoeba Chaos carolinense. Amoeba Chaosserves as a 
good cell model in this study for the number of mitochondria in each cell amount 
to near 500,000 in numbers. Moreover, these CM are to date the best 
characterized CM and the transformation of mitochondrial inner membranes from 
tubular to cubic organization in Chaos can be triggered simply by starvation.  
 
Here, I showed that “essential lipids” from Paramecium multimicronucleatum are 
important elements in the food of Chaos, endowing their mitochondria with the 
ability to transform into CMupon starvation. Indeed, nutrition seems to play a 
significant role in CM formation - the change of food from Paramecium to 
Tetrahymena changes the ability of the mitochondria in Chaos to transform into 
cubic morphology; CM do not form in Chaos cultured with Tetrahymena (as food) 
during starvation. Interestingly, lipid profiling data show that plasmalogen 
amount in Paramecium is significantly different from Tetrahymena, suggesting 
their possible role(s) in membrane shaping to CM.  
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Through in vitro study, synthesized plasmalogen indeed curves lamellar phase 
lipids albeit not to the extent of cubic phases. Further investigation suggests that 
certain upregulated membrane proteins might be required to achieve CM 
stabilization. 
 
In relation to the biological significance CM, we demonstrated that the induction 
of CM formation is associated with the improved survivability. In this light, 
starvation not only induces CM but also autophagy where catabolism is prevalent. 
The experimental data suggest that CM and autophagy are related. 
Starvation/pharmacological induction (by rapamycin and pp242) of autophagy are 
associated with the appearance of CM. In addition, the inhibition of autophagy 
using wortmannin revert the mitochondrial inner membranes morphology to 
tubular structure. Moreover, cubic morphology in the mitochondria might have 
assisted in preventing their sequestration by autophagosomes, hence, slowing 
their rate of degradation during starvation. The lack of co-localization with 
autophagosomes, the lower rate of degradation and sustained ATP production 
during starvation provide strong evidence that the mitochondria persist when CM 
are present. Incidentally, amoeba with CM is accompanied by a lower mortality 
rate during starvation. In this regard, it might be possible that the sustained 
amount of ATP produced allowed Chaos to survive for a longer period during 
starvation. Taken together, data from this thesis provide a direct relationship 
between the type of nutrients and the ability of an organism to withstand 
environmental stress condition via the formation of CM in the mitochondria. 
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1.1 Cell membranes geometry: from flat sheets to three-dimensional 
convoluted structures 
Cells and cellular organelles are delineated by membranes that consist of a bilayer 
of phospholipids, sphingolipids, glycolipids, and imbedded sterols, as well as 
numerous integral and peripheral proteins that fulfil specific functions in the 
membrane. 
 
General understanding of cell membranes is depicted by one phospholipid bilayer 
segregating compartments within the cell. However, biological membranes are 
beyond homogeneous flat sheets comprising of proteins and lipids (Valiakhmetov, 
2007). They are in fact finely regulated structures found in nature that render 
membrane-bound organelles to have intricate shapes that are dynamic with 
localities holding distinct morphologies (Voeltz and Prinz, 2007). Membranes 
determine the size, shape, and origin ofsubcellular organelles. The fundamental 
shapes of biological membranes are usuallyperceived as single or stacked flat 
sheets that may appear fenestrated and as spheres(vesicles) or tubes. For instance, 
while plasmalemma is often seen as a flat sheet with simple curvature, organelles 
such as the lysosomes and peroxisomes appear mostly spherical albeit the 
membranes are in lamellar structure. Endoplasmic reticulum (ER) and the 
mitochondria represent organelles with even more complex membrane 
morphologies. 
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However, besides convoluted membranes as represented by the ER, there exist 
other forms of higher-ordered membrane arrangements. For five decades, cell 
membranes with crystalline arrangements, such as ‘‘cubic membranes (CM)’’ 
werefrequently reported in transmission electron microscopic (TEM) studies 
without understanding their three-dimensionality.It is in fact well-known that a 
number of membrane structures exist in cells with highly complex three-
dimensional (3D) periodic arrangements (Almsherqi et al., 2009; Landh, 1995). 
These three-dimensionally arranged membranes appear to be ubiquitous in a 
plethora of cell types, both under physiological or pathological conditions. 
Although they may appear more often in certain cell types, these membranes are 
not limited to particular categories of cells. Furthermore, complex membrane 
organizations apparently evolve from almost any cytomembranes, that is, plasma 
membrane, ER, nuclear envelope, inner mitochondrial membrane, and Golgi 
apparatus (Almsherqi et al., 2009). 
 
In biology, our common understanding of cellular ultrastructures is mainly based 
on the phospholipid bilayer membrane arrangements visualized in two-
dimensional (2D) projected TEM micrographs.  Therefore, it is unsurprising that 
membranes are thought to be flat phospholipid bilayer sheets in 2D arrangements. 
Indeed, one of the first discoveries using TEM was the confirmation of cell 
membranes asphospholipid bilayers (Robertson, 1959, 1960). Moreover, 
conventional TEM studiesprovided the framework that membranes constitute the 
architecture of cells andintracellular organelles.  
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The profile of lipid bilayer typically appears as a ‘‘trilaminarmembrane’’ with the 
polar region of the head group of the phospholipid and majorityof the non-polar 
tail group stained, whereas the center of the bilayer appears translucent.Hence, a 
typical image of a phospholipid bilayer in high resolution (x 400 k)is its 
appearance as a ‘‘railroad track.’’ At lower magnification, membranes 
typicallyappear as a single electron-dense line. 
 
A fundamental biological maxim denotes the majority of cellular membranes 
aslamellar, sheet-like structures. However, as mentioned previously, membranes 
frequently appear in a varietyof arrangements such as spheres, tubes, and highly 
curved vesicles. It is also knownthat pure lipid mixtures in aqueous buffers in 
vitro tend to form non-lamellarstructures, dependent on the lipid composition 
(Bouligand, 1991; Larsson, 1989;Lewis et al., 1997). Similarly, in biological 
systems, the curvature of membranes may be induced by certain classes 
ofphospholipids. Additionally, specific proteins and protein–protein interactions 
such as the coat proteins e.g. COPI involved in vesicular trafficking and 
thereticulons in shaping ER might also partake in the regulation of 3D membrane 
shapes (Lee et al., 2005). Furthermore, cellmembrane remodelling in response to 
environmental stimuli, such as temperature,pH or ion concentration, is often 
associated with alterations of the membranecurvature induced by changes in 
membrane protein and lipid composition(Almsherqi et al., 2006; Brown et al., 
2003; de Kruijff, 1997; Kooijman et al., 2005). 
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Taken together, the intricate composition of biological membranes and cellular 
milieu are factors that may give rise to complex membrane arrangements beyond 
the notion of flat sheets of phospholipids. However, the fact that such membrane 
alterations typically occur only locally and transientlycreates an additional 
challenge as to their identification and characterization. 
 
1.2 Identifying cubic membranes 
The description of 3D membrane arrangements is based on the interpretation of 
2D TEM images and, therefore, prone to misconception. As a consequence, 
highly organized (cubic) membrane morphologies appear under numerous 
nicknames in the literature (Almsherqi et al., 2009). Even today, identifying the 
topology of 3D periodic CM in living systems is extremely limited since no 
appropriate analysis tools are available to depict such structures with lattice sizes 
that typically occur in the 50–1000 nm range. Electron microscopy and 
tomographyare currently the only techniques used to reveal CM configurations in 
cells. 
 
1.2.1 Art or Fact? 
The broad range of interpretations for 3D membrane structures depicted in TEM 
micrographs have resulted in a significant controversy; whether these are indeed 
factor artifact (Landh, 1995).  
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Since the extension to which CM organizations exist in different cell types, it is 
often difficult to judge the intactness of membrane components without the 
complete understanding of 3D membrane configuration. This is especially true 
when the CM is sectioned in different directions, which yields different 
appearances of the same structure.  
 
To date, CM are the best characterized highly-ordered 3D membrane 
arrangements in biological systems. Their spatial arrangements can be 
mathematically described as triply periodic minimal surfaces; thus,comparing 
TEM images to computer simulated 2D projections allows the 
unequivocalidentification in these images. This can be achieved via “Direct 
Template Matching” with the aid of“Cubic MembraneSimulation Projection 
(QMSP)” program developed by M. Mieczkowski) (Deng andMieczkowski, 
1998). Electron tomography can be further performed to confirmCM arrangement 
predicted from the direct template matchingtechnique. 
 
1.2.2 Transmission electron microscopy and computer simulation 
CM are mathematically well-defined three-dimensional (3D) periodic, highly-
ordered membrane structures that appear to be continuous and arranged into 
virtually symmetrical organization(s). To facilitate the identification of CM, Mark 
Mieczkowski developed a ‘cubic membranes simulation program’ (QMSP). This 
program, together with two-dimensional (2D) projections of TEM micrographs 
from literature, renders better visualization and understanding of CM at 
descriptive level (Deng and Mieczkowski, 1998; Almsherqi et al., 2009). 
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Figure 1.1 Computer simulation and TEM micrograph of CM. (A) Computer 
simulation of TEM images of CM. (a) An example of a 3D object which allows 
the penetration of the electron beam. (b) Cubic surface in the 3D model of one 
unit cell. (c) Projection plane of the electron beam and recorded image. (d) 2D 
projection map generated by QMSP that is used for matching the corresponding 
patterned membrane structures in the TEM micrograph (After Almsherqi et al. 
(2005), with permission). (B) TEM micrograph of a starved amoeba Chaos 
mitochondrion matched to the projection of the double diamond D-based cubic 
morphology. (a) Area of interest (AOI) is boxed on TEM micrograph. Bar = 500 
nm. (b) A theoretical 2D projection map (template) is matched to AOI from (a) by 
overlay. (c) The Fourier power spectrum on AOI in (a) and match in (b), 
respectively. (e) The template [viewed along lattice direction [5 3 1], with 0.2 unit 
cell thickness of the thin section and surface potential +/-0.4]. 
- 8 - 
 
In an effort to comprehend CM in 3D from 2D TEM micrographs, computer 
simulations of 2D projections of these membrane structures can be 
generatedbased on the mathematically well-defined 3D models (Figure1.1A) 
(Deng andMieczkowski, 1998; von Schnering and Nesper, 1991). Using QMSP, a 
library of 2Dprojections of CM can be generated (Figure 1.1A) that are based on 
the typeof cubic surfaces, variable viewing direction, specimen thickness, and the 
number ofparallel membranes (Almsherqi et al., 2006; Deng and Mieczkowski, 
1998; Landh, 1995).  
 
These computer-generated 2D projection maps are subsequently used to matchthe 
TEM micrograph (Direct Template Matching method (Deng and 
Mieczkowski,1998; Landh, 1995). Figure 1.1 illustrates the principle of computer 
simulationof TEM by using the starved amoeba Chaos mitochondria as an 
example to demonstratehow CM arrangements are unequivocally identified 
andanalyzed.Image analysis is typically performed using public domain image 
processingprogram package such as NIH Image (Image-J) or Adobe Photoshop. 
Briefly,the area of interest (AOI) on TEM micrographs containing CM is selected 
and compared by trial and error to the library of projection maps(Figure 1.1B). 
Once the fine details of simulated projection match closely to those ofthe TEM 
micrographs, the selected theoretical 2D projection is overlaid onto thesubdomain 
of the TEM micrograph, scaled, rotated, and translated until similar areasof 
electron density are brought into coincidence.  
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The projection direction and 2Dorder of the subdomain of identical AOI from 
both TEM micrograph and projection are initially assessed by its power spectrum 
followed by Fourier transformation(Brenner and Rader, 1976). The entire process 
is repeated until an acceptable matchis found. Resolution of the match can be 
further evaluated using a cross-correlationfunction (Unwin and Henderson, 1975) 
in Fourier space between the subdomain andthe refined template.The successful 
correlation of a micrograph to a theoretical reference structurefurther supports the 
interpretation that the CM structure observed isauthentic. 
 
1.2.3 Electron Tomography – 3D reconstruction of cubic membranes 
Although the cubic structure is mathematically well-defined, computer 
simulatedprojection does not provide direct information of the actual 3D 
membrane topology,specifically the connectivity of internal compartments within 
these cubic mitochondria(Deng et al., 1999). Thus, electron tomography (ET) is 
performed to furthercharacterize the 3D structure of CM in the mitochondria of 
amoebaChaos. ET reconstruction of membranes and characterization of their 
periodicityshows that the inner membranes of Chaos mitochondria fold into an 
arrangementwith cubic symmetry (Figure 1.2) (Deng et al., 1999). The applied 
sample preparationtechniques for ET were identical to TEM except that the 
sections were cut atgreater thickness (0.2–2 µm) compared to a TEM thin section 
(50–90 nm). 
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Figure 1.2 EM tomographic 3D reconstruction of a mitochondrion with CM 
arrangement. (A) Projection image recorded at 400 kVof an untilted 250-nm-thick 
section of a starved amoeba Chaos mitochondrion. (B) A 2.9 nm-thick slice from 
the EM tomographic reconstruction. (C) Surface-rendering model of the CM 
region. All bars = 0.25 µm each (Deng et al., 1999). 
 
In this reconstruction, only TEM micrographs containing mitochondria with CM 
arrangementswere selected. Themembranes on this thick section (250 nm)show 
distinct signs of cubic morphology (Figure 1.2A). Simple visual inspection of 
themitochondrial inner membrane profile (based on thinner sections with 
individual axialslices that are 2.9 nm thick) further reveals that membranes are 
organized as a D-typecubic structure (Figure 1.2B). At viewing angles close to the 
[1, 0, 0] lattice direction, thesection of highly curved membrane surfaces exhibits 
a convoluted system ofinterwoven compartments with a unique pattern (Figure 
1.2B). This characteristic 3Dperiodic arrangement is clearly evident in the surface 
rendered model (Figure 1.2C). 
 
Interestingly, signs of connectivity of internal compartments within the 
cubicmitochondria are revealed by the membrane surfaces in the reconstruction.  
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Thecristae form large, undulating labyrinths (diameter of approximately 80 nm) 
whilein the cubic regions, the matrix is highly condensed and appears to be 
restrictedto a continuous and small space (25 nm) between adjacent cristae 
membranes(Figure 1.2B, C). EMtomographic 3D reconstruction of a 
mitochondrion in Chaos cellprovides conclusive evidence that mitochondrial 
inner membranes are organizedinto a cubic crystalline form. 
 
1.2.4 Highly-ordered membrane subtypes 
Using QMSP, three fundamental types of CMhave been identified according to 
their corresponding triply perioidic minimal surfaces; based on gyroid, primitive 
anddouble diamond surfaces(Figure 1.3; Landh, 1995; Almsherqi et al., 2009). 
 
A gyroid is a triply periodic minimal surface that is infinitely connected (Schoen, 
1970; Wohlgemuth et al., 2001). Prominent examples of gyroid structures found 
in biology are observed in butterfly wing scales and the mitochondria of tree 
shrew’sretinal cones where the former is associated with biological structural 
colors and the latter might behave as a “light filter” (Michielsen and Stavenga, 
2008; Almsherqi et al., 2012).Interestingly, at least two CM subtypes (gyroid or 
diamond and primitive subtypes)co-exist within the same organelle. This is 
markedly observed in the mitochondria of amoeba Chaos carolinense (Deng and 
Mieczkowski, 1998). The relative abundance cubic morphology subtypes in this 
organism changes during starvation. However, the significance of such membrane 
re-organization is to date unknown (Almsherqi et al., 2009).  
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Figure 1.3 illustrates the structure of each CM subtypes (Figure 1.3A-C) and its 
relevance to the phospholipid bilayer (Figure 1.3D). 
 
Figure 1.3 Computer simulated illustrations of periodic cubic surfaces and CM, 
indicating the unit cell of (A) Primitive, (B) Double Diamond, and (C) Gyroid 
cubic surfaces observed in biological systems. (D) The bilayer organization in a 
3D mathematical model of a CM (Almsherqi et al., 2009). 
 
1.3 Membrane curvature 
Indeed, membrane structures within cells are beautifully constructed and tailored 
to function. In particular, membrane curvatures in cells constructed organelles 
with distinct morphologies and functions e.g. ER, mitochondria, Golgi complex. 
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About a century ago, it was proposed by D’Arcy Wentworth Thompson that 
biological forms might be governed by physical properties. However, decades 
later, genome was discovered and applied to a wide variety of organisms. Since 
the genome encodes for many phenotypes observed, one of the interesting topics 
is whether geometry of cellular structure is encoded. At present, it is well-
understood that genome does not serve as a blueprint to encode for shapes. It 
does, however encode for proteins that might mould cellular structures by 
influencing membrane curvature (Mim and Unger, 2012). 
 
It should first be understood that besides proteins, the intrinsic curvature 
properties of a membrane that dictates the physical properties of a phospholipid 
bilayer-based membrane could be fundamentally attributed to the property of lipid 
polymorphism. By coupling membrane properties to protein function, possible 
mechanisms might explain the effect of lipid polymorphism on the functional 
characteristics of membrane proteins (Epand, 2007). 
 
1.3.1 Types of proteins influencing membrane shapes 
Despite the sparse knowledge on CM formation, there are, however, several 
factors that contribute to membrane curvature, which may in turn give insights in 
this aspect.Unsurprisingly, as biological membranes mostly comprise of proteins 
and lipids, their associated alteration and/or involvement most probably contribute 
to membrane bending.  
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At present, the role of protein(s) in literature isa well-studied and theorized factor 
that associates with thecurvature of biological membranes (Mcmahon et al., 2005; 
Baumgart et al., 2011). These proteins that assist or stabilize membrane curvature 
can be categorized into a few general types and will be discussed below. 
 
Proteins insertion “reticulons” - The best characterized and probably believed to 
be the most powerful tool in membrane bending is the insertion of proteins, in 
particular, hydrophobic insertions. This paradigm is supported by various reports 
and theories (Zimmerberg and Kozlov 2006; Campelo et al., 2008).A prominent 
example is membrane bending by reticulons (Voeltz, 2006). Reticulons are 
membrane integral proteins and they are largely found in the tubular shape of ER. 
As such, they were used to characterize the curvature in ER with which the 
morphology of the organelle was proposed to exclude the rendering of 
cytoskeleton (Dreier and Rapoport, 2000).In fact, it was shown both in vitro and 
in vivo that reticulons play a main role in ER tubular network formation. In this 
respect,not only were reticulons found to exclusively localize to ER, their 
hydrophobic domains that form a ‘hairpin loop’ might be the reason for curving 
ER membrane; occupyingless space in the inner than the outer leaflet of the lipid 
bilayer (Chou et al., 2001). Such proteins are also deemed ‘morphogens’ and they 
share similar hydrophobic regions (that forms ‘hairpin’) as caveolin which 
areabundant in plasma membrane where curved invaginations occur (for review, 
see Parton and Richards, 2003; Ostermeyer et al., 2004). 
 
- 15 - 
 
Scaffolding proteins –Curvature of membranes is important in cellular processes, 
particularly the formation of vesicles. One good example of scaffolding proteins 
is the dynamin family. They form helical oligomers after binding to inositols, 
forcing the membrane topology into tubules (Peter et al., 2004; Hinshaw et al., 
1995). 
 
In this respect, cells have multiple coats that curve membranes into vesicle. For 
instance, COPI coat aids in the formation of vesicles for transportation of lipid 
bound vesicles from Golgi complex to ER. The coat subsequently disassembles to 
allow fusion of membranes (Drin and Antonny, 2010). Similar report has revealed 
that such coat disassembles much faster when smaller liposomes are formed and 
40-100 times slower on liposomes four to five times larger in size, indicating their 
ability to sense membrane curvature. Further investigation unveils that such 
membrane sensing relies on amphipathic helical motif of these proteins (Bigay et 
al., 2005).  
 
Amphipathic helix motif -Amphipathic helix is a motif commonly found in 
peptides and proteins. The significance of this helix is that the hydrophobic and 
polar residues on this alpha helix are distributed discretely to its opposite faces 
(Hristova et al., 1999). This amphipathic motif was coined as the “amphipathic 
lipid packing sensor” (ALPS).  
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Incidentally,BAR domains, protein modules that are able to sense membrane 
curvature and bind to them, was later proposed to curve membranes when found 
in combination with N-terminal amphipathic alpha helixes, hence termed N-
BAR(Takei et al., 1999; Farsad et al., 2001; Razzaq et al., 2001; Richnau et al., 
2004).  
 
Some examples of proteins with an amphipathic helix at the N-terminus of BAR 
domains are Amphiphysin, BRAPs and endophilins.In terms of curvature, N-BAR 
domains are reported to induce membrane tubulation in vitro (Peter et al., 
2004;Takei et al., 1999; Farsad et al., 2001; Razzaq et al., 2001; Richnau et al., 
2004). It is believed that the membrane curvature is positively increased when 
amphipathic helix is inserted into the membrane bilayer and that this curvature is 
stabilized by the ‘banana’ shaped BAR domains (Mcmahon et al., 2005). More 
recently, the insertion of protein (into membrane) with amphipathic helixes into 
membranes and the associated curvature is reviewed (see review: Drin and 
Anthony, 2009). Indeed, it appears that amphipathic helix holds a significant role 
in biological membrane curvature. 
 
1.3.2 Coupling lipids shapes to membrane curvature 
Besides proteins, lipids make up a vast volume within phospholipid bilayer 
membranes. Lipids’ involvement in biological membrane curvature is currently 
relying on research works that are more explored in pure lipids systems.  
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Granted, based on biological knowledge thus far, few theories might explain the 
role of lipids in membrane curvature. Hydrolysis on cytoplasmic side of a lipid 
bilayer can induce a reversible conversion of cone-shaped phospholipids to 
inverted cone-shaped phospholipids, thereby inducing a localized positive 
curvature, initiating a membrane tubule formation (Kooijman et al., 2005).  
 
Furthermore, lipid head groups of the membranes also serve as attachment site for 
peripheral membranes which in turn affects membrane curvature (Ford et al., 
2001). The aforementioned ideas seemingly suggest that lipids frequently require 
proteins to work in concert in order to induce membrane bending in the bilayer. 
This is not surprising since proteins and lipids often directly or indirectly interact 
in biological systems. 
 
1.4 Inducers of cubic membranes 
Besides virtually permanent curvatures in cellular organelles and curvatures due 
to transient appearance of vesicles during trafficking, another type of membrane 
curvature exists albeit less attention was paid to them. This type of membrane 
curvature is distinct from commonly known bending in that they appear to cause 
membranes to become highly-ordered with cubic symmetry (as observed in TEM 
micrographs). We refer to these membranes as CM. Although the mechanism of 
formation of CM is hitherto unknown, the involvement of proteins and lipids are 
proposed to be indispensable factors in such membrane morphology transitions 
(Almsherqi et al., 2006; Deng et al., 2010).  
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1.4.1 Proteins involved in cubic membranes formation 
Similar but distinct from the general curvature of biological membranes, highly-
ordered membrane arrangements are currently known to be attributed by altered 
membrane-resident protein(s) profile. 
 
Relevant studies reported that proteins might assist inCM formation in biological 
systems. From the biophysical point of view, lipid bilayer typically prefers to 
exist in planes. Contorting this plane and bending it into a curved structure 
requires energy. However, it was later appreciated that bending can be naturally 
achieved with the aid of proteins (Tinari et al., 1996). It has been well-
documented that membrane-resident proteins play an indispensable role in the 
curvature of biological membranes that leads to highly organized yet complicated 
membrane architectures. In fact, some publications have indicated that 
overexpression of certain membrane-resident proteins is one of the key factors 
observed in membrane “rearrangements”. One of the many examples include 
increased levels of cytochrome b(5) in “organized smooth endoplasmic reticulum 
(OSER)” (Snapp et al., 2003). In addition, reticulons, a group of novel proteins, 
was discovered to be involved in shaping the highly curved (tubular) ER 
membrane (Voeltz et al., 2006). In yeast, elevated level of HMG-CoA reductase 
was observed in the assembly of cortical ER stacks (Profant et al., 2000). 
Overexpression of this enzyme was reported to be associated with the formation 
of another type of highly-ordered convoluted membranes, namely crystalloid ER 
in UT-1 cells (Chin et al., 1982).  
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More recently, it was reported that the overexpression of Hac1p (a transcription 
factor that controls unfolded protein response) also leads to the appearance of 
intracellular membrane structures with cubic symmetry in Pichia pastoris (yeast) 
(Guerfal et al., 2010). Viperin, an evolutionarily conserved, interferon-inducible 
protein that localizes to the ER, when overexpressed, dimerizes and forms a 
tightly ordered, visually striking array of ER membranes, known as crystalloid ER 
(Hinson and Creswell, 2009). Crystalloid ER with increase in membrane 
curvature might be caused by N-terminal amphipathic alpha-helix required for ER 
localization and exacerbated by viperin dimerization at its C-terminus. Strikingly, 
shallow insertion of the hydrophobic region of the helix of amphipathic protein 
induces maximal curvature (Voeltz et al., 2006). Besides membrane-resident 
proteins, some soluble proteins also possess an amphipathic helix. However, it is 
notable that reticulons, a group of proteins that curves tubules in ER possess 
neither BAR domains nor amphipathic helix but possess a hairpin-loop structure 
that inserts partially into the membrane (Voeltz et al., 2006). 
 
Most publications of highly organized membranes formation revealed ER as the 
noticeable target of morphological modification. This might perhaps be accredited 
to the intrinsic convoluted structure of ER and its central functions in membrane 
lipid synthesis, assembly, secretion of membrane and secretory proteins, and 
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1.4.2 Lipid polymorphism 
Besides proteins, cell membranes consist of largely phospholipids and substantial 
amount of these lipids can adopt non-lamellar phases such as hexagonal and cubic 
phases in water-lipid systems (Siegel, 1986; Siegel et al., 1994). If we were to 
focus purely on the role of lipids in membrane shaping, research using pure lipid 
systems unequivocally provide us with this insight. 
 
In fact, this field of work stretches beyond simple membrane curvature; it is well-
studied in vitro that pure lipid systems (cubic phase) displayclose resemblance to 
CM morphology in biological system(s) (Almsherqi et al., 2009). Briefly, 
alteration of lipid composition, temperature, pH and ion milieu can give rise to a 
variety of lipids aggregationstermed lipid polymorphism (Yaghmur et al., 
2008).With relevance to naturally occurring lipids in biological systems, it is 
known that the types of lipids within membranes can influence the curvature and 
even the 3D shape of biological membranes although experimental evidence are 
often based on in vitro work. This can be explained by the shapes formed by each 
type of lipids which are denoted by the cross-sectional area of their polar heads 
(Valiakhmetov, 2008). For instance, lipids such as phosphatidylinositol (PI), 
phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatisylserine (PS)and 
sphingolipidsform cylindrical shape with estimated equal cross-sectional areas of 
the polar head and two fatty acid chains. This shape renders their arrangement 
into flat bilayers easy. In regards to in vitro systems, these lipids tend to form 
lamellar micelles. 
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On the contrary, when lipids have cross sectional area of polar head group 
exceeding that of fatty acid chains e.g. lysophospholipids, they form inverted cone 
shape. Interestingly, some commonly found lipids within the phospholipid bilayer 
i.e. phosphotidylethanolamine, cardiolipin-Ca2+, phosphatidic acid-Ca2+ and 
ceramides form the third type of shape: cone shape. These lipids have polar head 
group cross sectional area less than that of fatty acids. In in vitro system, non-
planar structures will form when self-assembly of lipids occurs with an abundance 
of conical lipids. This natural occurrence is possibly attributed to the 
minimization of energy for packing.  Remarkably, the mixture of these lipids after 
purification can form non-lamellar phases such as hexagonal and cubic phase 
structures (Gruner, 1985; Seddon, 1990; Israelachvii, 1991; Luzzati, 1997). 
 
A simple example of naturally occurring lipids forming non-lamellar phase is the 
culmination of phospholipids such as phosphotidylethanolamine which 
unequivocally shifts pure lipids systems from non-lamellar phase to hexagonal 
phase in the presence of excess water at room temperature(Cullis and de Kruijiff, 
1979; Gruner, 1992). Interestingly, higher-ordered membrane structures such as 
cubic phase are achievable. However, similar to previous propositions, the smaller 
lattice size of cubic phases gives a surrogate indication that although lipids are 
important, they might not act alone. They might require the insertion of proteins 
in curving membranes to highly-ordered morphologies with a larger lattice and 
pore size. 
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Although it is well-demonstrated in pure lipid systems the existence of highly-
ordered structures, very limited data correlates lipids to CM (Ryberg et al., 1983). 
However, an earlier study has shown that cubic morphology was observed in 
prolamellar bodies when monogalactosyl diacylglycerol to digalactosyl 
diacylglycerol ratio was higher and that the content of glycolipids and 
protochlorophyllides were increased (Ryberg et al., 1983). 
 
Despite the scarce knowledge on the role(s) of lipid composition in CMformation 
in biological systems, recent work distinctly showed that increased 
polyunsaturated fatty acids, specifically ω-6 docosapentaenoic acid (DPA) in 
amoeba Chaos conferred highly-ordered membrane formation with cubic 
symmetry (Deng et al., 2010). As such,the types of lipids most likely have a 
permissive role in membrane curvature.  Indeed, in order for proteins to shape 
membranes, interaction with lipids is inevitable. In the same report, it is 
interesting to note that three predominant ether lipids, specificallyplasmalogen PE 
(C16:0p/C22:5), plasmalogen PC (C16:0p/C22:5), and diacyl-PI(C22:5/C22:5), 
were identified in amoeba Chaos lipids with amounts increasing up to 1.4-fold 
along with the occurrence of CM(Deng et al., 2010). Although the defined role for 
plasmalogen is to date unknown, substantial amount of data (refer to 
reviews:Nagan and Zoeller, 2001, Miyazawa et al., 2006, Wallner and Schmitz, 
2011) suggest that plasmalogens might serve as structural membrane elements 
that mediate membrane curvature, possibly due to their inclination to form 
inverted hexagonalstructures (Lohner et al., 1991; Almsherqi et al., 2009). 
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In addition, plasmalogen lipids were found to be enriched in mammalian cells 
(CHO cells) when their ER transform into hexoganol arrangements as HMG-CoA 
reductase is overexpressed (Pathak et al., 1986). This further supports the 
association of plasmalogen to highly-ordered CM transition. 
 
Furthermore, Pathak’s group also showed that the use of drugs such as compactin 
can also induce CM in UT-1 cells (mutant CHO cells that are compactin-resistant) 
(Pathak et al., 1986). In brief, compactin or mevastatin belongs to the statins class 
which are known as a HMG-CoA reductase inhibitor (Akira et al., 1976). 
Essentially, statin (in vivo) lowers cholesterol level by inhibiting an enzyme 
(HMG-CoA reductase) involved in cholesterol production. It was surmised that 
the formation of CM might be attributed to the upregulation of HMG-CoA 
reductase (due to negative feedback event when cholesterol synthesis is hindered). 
Interestingly, it was proposed that virus-induced CM formation might involve the 
dys-regulation of cholesterol synthesis (Deng et al., 2010). As such, it is notable 
that both proteins and lipids might be indispensable in the formation of CM. 
 
1.4.3 Ion milieu effect 
Besides demonstrating curvature through lipids polymorphism, it was shown that 
the structure of synthetic lipids mixture in vitro assumes non-lamellar membrane 
structures such as hexagonal or cubic phases in the presence of Ca2+. The strong 
association of positively charged Ca2+ and the negatively charged lipids led to a 
quick curvature of lipids (Yaghmur et al, 2008; 2011).  
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This is probably due to a reduction in electrostatic repulsion between adjacent 
lipids. Additionally, the introduction of Ca2+ was also proposed to reduce the 
polar interface of membrane, leading to greater membrane curvature (Yaghmur et 
al, 2008; 2011). These indicate that ion-lipid interaction might be necessary for 
the formation of non-lamellar membrane structures.  
 
It was well-demonstrated through small angle X-ray scattering study (SAXS) that 
these lipids form higher-ordered membrane structures regardless of the lipid ratio 
(which contribute to charge ratio difference) in a Ca2+ -dose-dependent manner. 
Additionally, low concentrations of Ca2+ were deemed necessary for phase 
transition of large unilamellar vesicles to cubic phases in vitro (Yaghmur et al, 
2008). Moreover, it was demonstrated in vitro that ion milieu is also important in 
preserving highly-ordered morphologies of biological membranes. For instance, 
paracrystalline structures of prolamellar bodies isolated from Zea mays are 
disrupted when incubated in high salt media. The valence of cations was 
suggested to play a major role in this change (Selstam et al., 2011). Another 
article showed that isolated ER from newt forms fascicular SER with hexagonal 
membrane organization in vitro with EGTA (cation chelator that is specific for 
Ca2+) (Yorke and Dickson, 1985). Taken together, the reports suggest that 
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1.5 Organelles with cubic morphology 
After understanding the factors that might govern CM formation, the next 
question is: which membranes are particularly targeted within the cell?As 
summarized by Almsherqi et al. (2009), CM has been observed in many cell types 
in scientific reports since decades ago. Since then, a few organelles were reported 
to form cubic morphology.  
 
1.5.1 Endoplasmic reticulum 
From literature, it appears that CM often arose from the ER. The highly dynamic 
and convoluted properties of ER probably render it amenable to membrane 
alterations. Furthermore, the role of ER in protein, lipids synthesis, secretion, ion 
homeostasis further exposed the organelle to factors that give rise toCM. In this 
respect, highly-ordered membrane morphologies found within the ER have been 
reported since the 1970s under different nicknames that are later universally 
brought under the term “cubic membranes” (see review: Almsherqi et al., 2009).  
 
From history, CM in ER were coined as “cotte de mailles” (Franke and Scheer, 
1971), “undulating membranes‘‘ (Schaff et al., 1976), “tubuloreticular structures 
(TRS)” (Grimley and Schaff, 1976), “membrane lattice‘‘ (Linder and Staehelin, 
1980), “crystalloid ER” (Pathak et al., 1986),  “paracrystalline ER” (Wolf and 
Motzko, 1995), “crystalloid membranes” (Yamamoto et al., 1996), and more 
recently, as “OSER”(Snapp et al., 2003). 
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1.5.2 Mitochondrial membranes 
Although CM formation in the mitochondria is not as widely reported as that in 
the ER, the propensity of such membrane formation is nevertheless high within 
the inner mitochondrial membranes.  
 
In one of the older TEM ultrastructural studies, it was unveiled that pleomorphism 
of the mitochondria support cells in the testis of Xenopus laevis, an African 
clawed frog (Kalt, 1974). Intriguingly, the inner mitochondrial membranes in 
mature stage of sustentacular (structural support) cells exhibit double diamond 
subtype of CM. Apart from amphibians, CM can also be found in the 
mitochondria of mammals. For instance, reports demonstrated the unique 
ultrastructural organization of mitochondrial membranes in the retinal cones of 
tree shrew species, namely Tupaia glis and Tupaia belangeri (Foelix et al., 1987; 
Knabe and Kuhn, 1996; Knabe et al., 1997; Samorajski et al., 1966). More recent 
investigation on these mitochondria further corroborates that they display unusual 
large patterns that resembles gyroid subtype of CM (Almsherqi et al., 2012). 
 
Amongst all mitochondrial membranes with morphologies that resemble CM 
(Pappas and Brandt, 1959; Kalt, 1974; Tahmisian et al., 1956), the mitochondria 
of free living giant amoeba(Chaos carolinense) possibly represent the best 
characterized CM to date (Deng and Mieczkowski, 1998).Over the years, several 
laboratories have identified membrane alterations in the mitochondria of amoeba 
Chaos.  
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Of note is that well-defined CM in this organism is often accompanied by 
mitochondrial membranes with tubular organization (Borysko and Roslansky, 
1959; Brandt and Pappas, 1959; Daniels and Breyer, 1968; Sedar and Rudzinska, 
1956). However, Deng’s research in the last decade has shown unambiguous CM 
in amoeba Chaos via starvation. With one day of starvation, almost 70% of the 
mitochondria in Chaos undergo morphological transition. After seven days of 
food withdrawal, seemingly all mitochondria adopt cubic morphology (Deng et al., 
1999). Using QMSP and electron tomography, the continuity of membranes and 
their folding into 3D cubic morphology have been identified (Deng and 
Mieczkowski, 1998; Deng et al., 1999). Remarkably, this phenomenon is fully 
reversible upon re-feeding.  
 
1.5.3 Chloroplasts and photosynthesis-associated membranes 
The observation of CM in chloroplasts is thus far not proven to be ubiquitous 
amongst plant cells. Notwithstanding, in green algae, Zygnema sp., it was shown 
that instead of usual lamellar structures, their thylakoid membranes form more 
complex membrane structures at the end of the log phase of cell culture and were 
thereafter identified as gyroid subtype of CM (Deng and Landh, 1995). Further 
investigation on TEM micrographs with such membranes previously reported as 
“lamellar lattices” (McLean and Pessoney, 1970) revealed that indeed, the 
membranes of chloroplasts are parallel bilayers that adopt a primitive subtype of 
CM morphology (Landh, 1995; Deng, 1998). 
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Besides plants, photosynthesis is also possible within certain bacteria species. In 
fact, extensive studies on photosynthetic membranes were performed as early as 
in the 1960s (Gunning, 1965; Gunning and Jagoe, 1967; Gunning and Steer, 
1975). In cyanobacteria, Anabaena species, for instance, “prolamellar-like lattice” 
structures were observed with continuous foldings of photosynthetic thylakoid 
membranes (Lang and Rae, 1967). Indeed, such membrane structures were again 
coined with a different nickname and wereeventually proven to be a subtype of 
CM (Almsherqi et al.,2009). Whereas this CM appear under illuminated 
environment, it is interesting to note that in higher plants, a similar structure 
termed prolamellar body forms in the absence of light (Almsherqi et al., 2009). 
 
1.5.4 Other membranes 
Besides membrane re-organization in organelles to CM, it is noteworthy that the 
membrane sources of some CM observed are undefined or not reported. From our 
studies on the biogenesis of CM, we do not rule out the fact that as long as 
specific factors (such as specific proteins and lipids) are present in a viable 
environment, any phospholipid bilayer has the potential to transform into highly-
ordered membrane structure.  
 
1.6 Biological significance of cubic membranes 
The prevalence of CM in various cellular organelles led to the notion of whether 
CM are observed under normal physiological circumstances or have more 
prominent role(s) under certain stress or pathologies.  
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Indeed, it is well-summarized by Almsherqi et al. (2006;2009) that CM are found 
in cells from all kingdoms of life and that they are often observed under stress 
conditions, virus-infection, or disease states. However, their relevant role(s) in 
cells under the aforementioned physiological states are not properly defined. 
 
1.6.1 Virus-infected cells 
CM that were refered to as “cytomembraneous inclusions” or virus-induced 
membrane transitions are a hallmark of virus-infected cells (Almsherqi et al., 
2005). Without clear techniques to uncover the 3D morphology of such 
convoluted membranes, these CM were often coined with different nicknames 
such as “convoluted membraneous mass” in viral St. Louis Encephalitis (Murphy 
et al., 1968), “TRS” in Hepatitis C virus-infected liver (Schaff et al., 1992), “TRS” 
in simian immunodeficiency virus-infected cells (Kaup et al., 2005) and SARS-
CoV infected Vero cells (Goldsmith et al., 2004). 
 
Even though the mechanism for such membrane transformation is unclear, 
theoretical views suggest that virus infection is associated with perturbed 
cholesterol homeostasis in the host cells, thereby inducing convoluted membrane 
formation (Deng et al., 2010). Evidencethat support this hypothesisinclude the 
correlation of West Nile Virus infection and host cell cholesterol alteration of the 
plasma membrane (Mackenzie et al., 2007).  
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In this regard, depletion of cholesterol induces upregulation of HMG-CoA 
reductase which in turn leads to the formation of crystalloid (a type of CM) ER 
membranes which were deemed essential for virus replication and survival 
(Mackenzie et al., 2007). Another study also demonstrated the protective effect of 
such virus-induced convoluted membranes against host immune response to cater 
for effective viral replication (Hoenen et al., 2007).  
 
1.6.2 Neoplasia 
Cancer is one of the diseases that can be triggered through virus infection. Since 
virus infections frequently induce CM formation, the observation of CM in cancer 
can be anticipated. Undeniably, CM were observed in virus-induced carcinoma 
such as lymphomas, hepatocellular carcinoma and leukemia (Uzman et al., 1971). 
Other forms of nicknames for CM exist, and in terms of cancer, they were often 
reported as TRS. Some examples of such CM observed in neoplasia were in 
malignant lymphoma (Uzman et al., 1971), in the cytoplasm of breast carcinoma 
(Seman et al., 1971), subcutaneous myxoma (Stoebner et al., 1972), in the nucleus 
of human osteosarcoma cells (Murray et al., 1983), alveolar cell carcinoma 
(Ghadially et al., 1985), and gastric adenocarcinoma (Caruso, 1991). However, 
TRSwere seemingly nonspecific in tumour malignancy and differentiation. 
Keeping in mind this caveat, CM can be used as an ultrastructural biomarker only 
for virus-induced carcinoma such as hairy cell leukemia (Mantovani et al., 1986; 
Almsherqi et al., 2008). 
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1.6.3 Autoimmune diseases 
Autoimmune disease happens when there is an abnormal immune response that 
recognises substances that are normally present in the body. In such diseased cell 
types where autoantibody production occurs, CM were frequently reported. Some 
examples include Sjo¨gren syndrome (Nakamura, 1974), thyroiditis, celiac 
disease and gastrititis (Helder and Feltkamp-Vroom, 1974) which appear to be 
organ-limited and diffuse connective tissue diseases  such  as systemic and 
discoid lupus erythematosus (Grimley andSchaff, 1976). CM in the label as 
TRSwere also observed in autoimmune disease triggered by other physiological 
response characterized by deposition of immune factors e.g. rheumatoid arthritis, 
nephritis, and amyloidosis (Helder and Feltkamp-Vroom, 1974). CM were even 
described in immune deficiency cells induced by HIV (Kaup et al., 2005) 
indicating that such membrane morphology might serve as a potential structural 
biomarker for systemic autoimmune diseases. 
 
1.6.4 Muscular diseases 
A number of muscular/neuromuscular diseases are also often connected to the 
observation of transverse tubules (T-tubules)transformation (referred to as 
honeycomb structures) which were identified as periodic structures with ordered 
organization found in striated muscles.  
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This morphological transformation wasdiscrete in muscles with induced 
experimental myopathy (Macdonald and Engel, 1970), denervated muscles (Gori, 
1972; Madarame et al., 1986; Miledi and Slater, 1969; Pellegrino and Franzini, 
1963) and in tenotomized muscles of the rat (Andreev and Wassilev, 1994) and 
also in various human muscular diseases (Engel and Dale, 1968; Engel and 
Macdonald, 1970; Gori, 1972; Iorio Di et al., 1989).  
 
In view of muscular dystrophy where a decrease in cell volume is imminent, it is 
tempting to surmise that the presence of CM acts as a structure formed in 
response to stress which in turn, assists in maintaining cellular structural integrity 
or to accommodate stress-induced membrane-resident proteins (Almsherqi et al., 
2009). A related article demonstrated the presence of similar honeycomb T-
tubules in tadpole tail muscles during degeneration as a consequence of 
metamorphosis (Sasaki et al., 1985). Interestingly, this reflects that CM 
transformation acted as a response to muscular stresses that may or may not be 
induced by diseases. 
 
1.7 Cell model: finding order in Chaos 
CM transformation in response to stress is not restricted to muscles. In fact, one of 
the best characterized CM are found in unicellular organism: amoeba Chaosand 
they can be induced through starvation stress. Of note is that this observation is 
fully reversible upon re-feeding of the cell (Deng et al., 1999; refer to section 
1.5.2 for more detail). 
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Amoebae are unicellular eukaryotes that existed since the Neoproterozoic Era. In 
my work, I use amoeba Chaosas a cell model to study CM. Amoeba Chaosare 
free living freshwater organisms that are known as giant eukaryotes, growing up 
to 3mm in size (Richard, 1954; Adl et al., 2005). Chaos, like many other amoeba 
species, doesnot have a definite shape and their plasmalemma are plastic, 
enabling them to form pseudopodia which are used for locomotion and feeding 
(Allen, 1978). Similar but distinct from culture cells, amoeba reproduce asexually 
by fission (Hurst et al., 1992). In an experimental point of view, the active 
behavior of amoeba and their relatively slower growth rate renders certain 
experimental assays difficult.  
 
However, CM appear in the mitochondria of amoeba Chaos; the organelle can 
amount to 500,000 in each amoeba (Scheffler, 2008)! Since a typical animal cell 
carries only around 1000-2000 mitochondria, amoeba Chaos provide surplus CM 
for research (even though their replication rate is much slower than culture cells). 
In this scheme of thought, the size and behavior of amoeba Chaos and their great 
vitality might be attributed to the large number of mitochondria. Additionally, the 
fact that these mitochondria re-organize to cubic morphology in response to 
starvation per se triggers the notion that there might exist a relationship between 
this membrane transformation and their adaptation to stress. 
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Besides a large number of mitochondria, the CM in Chaos are well-ordered and 
already well-characterized (Deng and Mieckowski, 1998; Deng et al., 1999). 
Hence, the quality of CMinduced for investigation can be ensured easily via TEM. 
In all, amoeba Chaosmight serve as the best-characterized cell model to date for 
the study of CM. 
 
Indeed, the remarkable and reversible transformation of CM found in the inner 
mitochondrial membranes of amoeba Chaos is unequivocally induced by 
starvation. Then again, at present, the biological function of these CM is unclear. 
Despite this, it is noteworthy that parallel to CM formation, starvation is also 
known to be accompanied by the onset of autophagy (Stromhaug and Klionsky, 
2001). 
 
1.8 Autophagyin eukaryotes 
Autophagy is a process that is conserved within eukaryotic phyla, including 
protists (Duszenko et al., 2011).Briefly, autophagy is a catabolic process where a 
eukaryotic cell breaks down its own constituents as nutrients to sustain cellular 
energy level for survival, especially during starvation (Stromhaug and Klionsky, 
2001).In the 1950s, acidic organelles, termed lysosomes, were discovered in 
mammalian cells. Lysosomes contain hydrolases responsible for degradation of 
internalized macromolecules from external environment or own cellular 
constituents.  
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Lysosomes were soon detected to be ubiquitous in various eukaryotes and 
numerous pathways to which cellular components were delivered to lysosomes 
for degradation were soon elucidated (see review: de Duve, 2005). 
 
Alike CM, autophagy was initially detectable only through observations using 
electron microscopy. Although this was the sole indicator of autophagy at first, 
relentless research and detailed information revealed in the past decade led to the 
discovery of autophagic processes at molecular level (Klionsky, 2007).In this 
light, many autophagy-related components were first discovered in the budding 
yeast Saccharomyces cerevisiae(Klionsky et al., 2003). 
 
1.8.1 Types of autophagy  
To date, a few types of autophagy are revealed in eukaryotes with autophagy in 
mammalian cells gaining more attention, probably due to their relevance to 
human physiology and pathology.  
 
In mammalian cells, the main types of autophagy discovered are: chaperone-
mediated autophagy,microautophagy, macroautophagy (hereinafter, referred to 
interchangeably with“autophagy”in this thesis) (Boya et al., 2005; Ravikumar et 
al., 2009; Harder et al., 2013). 
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Chaperone-mediated autophagy, as its name articulates, is a chaperone-dependent 
process that targets cytosolic proteins to the lysosome for degradation. This 
mechanism is a complex and specific pathway that involves the conjugation of to-
be-degraded proteins to HSC70 and their translocation is directed across the 
lysosome membrane without the need of vesicle formation (Mizushima and 
Komatsu, 2011). Microautophagy, on the other hand, involves sequestration of 
intracellular constituents through theinward invagination of lysosomal membrane 
(Mizushima and Komatsu, 2011). For macroautophagy, it generally implicates the 
formation of autophagosome, a double-membrane organelle that sequesters 
cytoplasmic substrates. At the final stage of autophagy, autophagosome fuses with 
lysosome to form autolysosome where the substrates are degraded (Mizushima et 
al., 2002). In this autophagy, various autophagy-related proteins are involved (will 
be discussed below). 
 
1.8.2 Autophagy machinery in yeast and mammalian cells 
While few types of autophagy exist, macroautophagy appears to be relatively 
better studied and conceivably conserved through eukaryotic phyla. As mentioned, 
majority of autophagy-related molecular components were first uncovered in 
yeast. From there, orthologues in other eukaryotes are subsequently discovered. 
Currently, over 30 autophagy-related proteins encoded by autophagy-related(Atg) 
genes are uncovered from yeast and their roles and characteristics are categorized 
into steps of the autophagy pathways to which the Atg proteins function, defining 
discrete molecular mechanism (Klionsky et al., 2003; Klionsky, 2007).  
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These steps in the machinery of autophagy in eukaryotes comprises of (1) 
induction, (2) nucleation, (3) elongation and finally (4) maturation (see Figure 1.4 
for illustration).  
 
Figure 1.4 Schematic illustration of the autophagy pathway and its core 
molecular machinery (Yang and Klionsky, 2010). 
 
1.8.2.1 Induction  
The initiation of autophagy begins when isolation membrane/phagophore begins 
to form and this double membrane structure will eventually form the 
autophagosome. At present, the knowledge on the origin and localization of 
phagophore genesis is scarce. However, recent discovery proposed ER (Hayashi-
Nishino et al., 2009; Yla-Anttila et al., 2009) and even mitochondria to be the 
sources instead of the de novo assembly of autophagosomes (Hailey et al., 2010). 
Induction of autophagy is closely associated with nutrient sensing, and it involves 
quite a number of important Atg proteins.  
- 38 - 
 
Autophagy induction process comprises of a few protein kinasesthat undergo 
interaction/form complexes. In yeast, under normal nutrient-rich conditions, 
Atg13 is maintained in a hyperphosphorylated state by target of rapamycin 
complex 1 (TORC1). However, when nutrients are limited, Atg13 kinase will be 
partially dephosphorylated, rendering higher affinity to Atg1. Atg13 then forms a 
complex with Atg1and through Serine/Threoninekinase activity of Atg, increases 
autophagy activity. Through Atg13, Atg1 interacts directly or indirectly with 
other autophagy-related proteins such as scaffold protein for phagophore 
assembly Atg17, Atg29 and Atg31 that assist in recruiting other Atg proteins to 
the pre-autophagosomal structure (PAS) (Diaz-Troya et al., 2008; Jung et al., 
2009). 
 
In mammalian autophagy, this induction process involves mTORC1, ULK (Atg1 
homolog for mammalian cells), mammalian Atg13 (mAtg13), scaffold protein 
FIP200 (ortholog of Atg17) and a more recently discovered mAtg13-interacting 
protein, Atg101. When nutrients are available, the aforementioned proteins form a 
complex and upon starvation, mTORC1 dissociates from this ULK1 complex, 
followed by a series of phosphorylation events (Jung et al., 2009; Ganley et al., 
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1.8.2.2 Nucleation 
Nucleation step is essentially the formation of phagophore. In nucleation step, the 
prominent regulator is but the Vps34 complex in yeast and class III 
phosphoinositide 3-kinases (PI3K) complex in mammalian cells. Vps34 is 
essential for the production of phosphatidylinositol-(3)-phosphate (PtdIns(3)P) at 
the PAS to allow recruitment of other Atg proteins (Atg18, Atg20, Atg21 and 
Atg24) that all bind PtdIns(3)P. 
 
As mentioned, class III PI3K plays a significant role in nucleation of 
autophagosome in mammalian cells.  Generation of PtdIns(3)P is very much 
dependent on membrane-associatedclass III PtdIns3K complex which 
encompasses the Ser/Thr proteinkinase Vps15, the PtdIns3K Vps34, as well as 
Beclin-1 (Atg6 ortholog) and Atg14-like protein, Bakor and ultraviolet irradiation 
resistance-associated gene (UVRAG) (Liang et al., 2008), Ambra1 (Fimia et al., 
2007) and Bax-interacting factor (bif-1) (Takahashi et al., 2007) which functions 
at the PAS (Duszenko, 2011;  Yang and Klionsky, 2010). 
 
1.8.2.3 Elongation 
After nucleation, elongation of the phagophore occurs and this double membrane 
structure surrounds and sequesters cytosolic constituents, ultimately closing up to 
form the autophagosome. Two sets of ubiquitination systems are involved in this 
process (Geng and Klionsky, 2008).  
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The first system comprises of Atg8 (light chain 3 (LC3) in mammalian ortholog) 
which is conjugated to phosphatidylethanolamine (PE) which engages Atg7 (Kim 
et al., 1999; Tanida et al., 1999; Yuan et al., 1999), Atg3/Atg10(Mizushima et al., 
1998; Shintani et al., 1999)and Atg12-Atg5 complex as E1, E2 and E3-like 
ubiquitin proteins respectively. Whereas in the second system, Atg7 and Atg10 
exhibit E1, E2-like events, Atg5 plays the role of substrate and Atg12 as the 
ubiquitin. Atg12-Atg5 conjugate is then bound by oligomerized Atg16, resulting 
in a larger complex formation(Kuma et al., 2004; Mizushima et al., 1999).  
 
Briefly, at the PAS, Atg4 is involved in the proteolytic processing of soluble LC3 
and lipidates it with PE covalently with the assistance of Atg7 and Atg3/Atg10. 
This converts LC3-I from a soluble to amembrane-associated protein (LC3-II) and 
it is anchored to both sides of the expanding phagophore (Ichimura et al., 2000; 
Huang et al., 2000; Kirisako et al., 1999) while Atg12-Atg5-Atg16 complex 
covers the outer surface of this isolation membrane until the elongation process is 
completed with closure. Here, Atg4 again cleaves Atg8 from PE which is left on 
the autophagosome outer surface membrane. 
 
1.8.2.4 Maturation and degradation 
Maturation process is the final stage of autophagy which is accompanied by 
degradation of the sequestered materials in the autolysosome. For autophagy to be 
completed, the autophagosome has to fuse with the lysosome. In the case in yeast, 
Atg8 on the autophagosomal outer membrane is removed prior to this fusion.  
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Premature fusion process might also be prevented by the aforementioned Atg12-
Atg5-Atg16 complex that surrounds the outer curvature of autophagosome. 
Mainly, the docking and fusion of autophagosomes with lysosomes to form 
autolysosomes is regulated by lysosomal-associated membrane protein-2 (LAMP-
2) and small GTPase Ras-related GTP-binding protein 7A (RAB7A) (Fortunato et 
al., 2009; Jager et al., 2004). 
 
Klionsky (2005) also suggests that the fusion of autophagosomes with lysosomes 
require SNARE proteins, the Rab protein Ypt7, members of the class C 
Vps/HOPS complex; and two newly elucidated proteins that aid in this fusion, 
Ccz1 and Mon1 (Harding et al., 1995; Darsow et al., 1997; Fischer von Mollard 
and Stevens, 1999; Kim et al., 1999; Sato et al., 1998; Wang et al., 2003). 
Additionally, recent review by Shen and Mizushima (2013) revealed the 
importance of STX17 in late stage autophagy to mediate fusion of autophagosome 
and lysosome (Itakura et al., 2012; Bernard et al., 2013; Itakura and Mizushima, 
2013). 
 
1.8.3 Autophagy in protists 
Experimental characterization of autophagy has instilled in us an accepted notion 
that eukaryotes – yeast, animals, plants, trypanosomes - share a common ancestor 
at the beginning of evolution (Duszenka et al. 2011). Genomics comparison 
between species was proposed to be a quick way to elucidate structure and 
function of cellular pathways. 
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Although ample homologs of Atgs are identified in mammalian cells, allowing a 
comprehensive understanding of autophagy process (Yang and Klionsky, 2010), 
the number of related genes in protists lineages exemplified might suggest that 
autophagy machinery is subjected to moderation due to possible adaptations in 
niche lifestyle (Duszenko, 2011). Some examples are Atg9 which are not detected 
in protists and Atg17 which appear to be lost or diverged beyond recognition in 
the protist lineages (Ridgen et al., 2009). Even though exact orthologs of each Atg 
protein are yet to be fully understood in protists, research to date do show that Atg 
genes found in protist are representatives of the supergroups. In addition, 
autophagy occurrence in protists is experimentally proven (see review by 
Duszenka et al., 2011) in Amoebozoa, Archaeplastida, Chromalveolata and 
Excavata. 
 
Interestingly, in free living protist, Dictyostelium Atg proteins (Atg1 and Atg16) 
display structuralforms that resemble animal homologues rather than yeast 
homologues (Mizushima et al., 2003; Tekinay et al., 2006). Moreover, membrane 
whorls that are comparable autophagosomes observed in mammaliancells are 
apparent. These data hence suggest that autophagy in social amoebae might be 
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1.9 Biological significance of autophagy 
Autophagy is defined as the catabolism of cellular constituents in the event of 
limited nutrition to maintain basal cellular processes and conserve energy. In 
other cases, this process removes unnecessary or dysfunctional cellular 
components to regulate or recycle them. In the majority of autophagy-related 
reports, it is believed that autophagy is a pro-survival process (Mizushima, 
2007).The main substrates, at the fundamental level of autophagic degradation are 
proteins and lipids.  
 
Proteins are made up of amino acids, the building blocks of life which are the 
main recycled components during autophagy where nutrient depletion is 
significant. Hence, autophagy is a process paramount for sustaining optimum 
amount amino acids. Consequently, these amino acids can be delivered to the 
mitochondria for energy production via the tricarboxylic acid cycle. Indeed, the 
ultimate key to survival might be attributed to the sustained energy level in the 
living cell for it is crucial for all other cellular processes (Newsholme et al., 1985). 
 
Autophagy specific for lipids, on the other hand, is at a relatively infant stage of 
research. The term lipophagy is used and demonstrated by Singh et al. (2009): the 
specific clearance of lipid droplets recovers fatty acids that are oxidized in the 
mitochondria. Long-term starvation displayed increased number of 
autophagosomes containing lipid droplets, suggesting the physiological 
significance of lipophagy for cell survival (Singh et al., 2009).  
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1.9.1 Pathology implications 
Similar to CM, autophagy is implicated in diseases, with some diseases 
overlapping (refer to section 1.6). Accumulating evidence has showntheir 
importance in cancer research, both in tumour suppression and tumour cell 
survival (Kondo et al., 2005). In earlier reports, autophagosomes were observed to 
accumulate in the brains of various neurodegenerative disease patients including 
Alzheimer’s disease, Parkinson’s disease (Rubinsztein et al., 2007; Williams et al., 
2006).  Alike neuro-diseases, autophagosomes accumulate in muscular diseases: 
myodegenerative diseases which might be attributed to the accumulation of 
misfolded proteins due to failure of autophagosome-lysosome fusion (Bolanos-
Meade et al., 2005). This same hypothesized impairment of autophagy were also 
reported in heart diseases, both inherited and that inflicted by cardiac stresses 
such as ischemia (Terman and Brunk, 2005). 
 
In this thesis, my interest and research focuses on physiological role of autophagy 
during starvation stress. Hence autophagy in diseases will not be reviewed in 
detail (for detailed review, please refer to Levine and Kroemer, 2007).  
 
1.9.2 Interplay of autophagy and cell death 
In cancer cells, apoptosis is stimulated at the inhibition of autophagy with typical 
apoptotic signaling (Maiuri et al., 2007). In human cancers, cells are virtually 
immortal and apoptosis is expectedly disabled. Cell death observed in tumours 
often adopts other cell death mechanisms.  
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In fact, it is believed that autophagy might be that alternative mode of cell death 
(Maiuri et al., 2007; Bursch et al., 1996). This claim, however, remains to be 
discretely defined. 
 
Interestingly, cross-talk between autophagy and apoptosis exists as a complex 
relationship. This is due to their sharing of mediators in both upstream regulators 
and their known pathways (Maiuri et al., 2007). More recently, a link between 
autophagy and extrinsic apoptotic pathway unveiled a main mediator, 
p62/SQSTM1 (Jin et al., 2009). p62 is a substrate that is degraded when 
autophagy is activated. Intriguingly, this complex was demonstrated to bind to 
caspase-8 that enhances TRAIL-mediated apoptosis (Jin et al., 2009). 
 
On the other hand, although Bcl-2 family proteins are well-known to function 
against apoptosis, experimental data suggests that they can also serve to inhibit 
autophagy. This is due to the binding and disruption of Beclin-1 (autophagy-
related protein) by Bcl-2/Bcl-xL proteins (Levine et al., 2008). 
 
1.9.3 Starvation, autophagy and lifespan 
Interestingly, some reports have correlated increased lifespan with autophagy. 
Lifespan extension has been demonstrated in calorie restriction models, 
implicating the activation of sirtuin (Morselli et al., 2010; Yuan et al., 2012). 
Since starvation is closely accompanied with autophagy, this observation provides 
theoretical evidence of their association. 
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Indeed, inhibition of autophagy via target of rapamycin (TOR) suppression, 
showing anti-aging effect was also reported (Vellai et al., 2003; Tatar et al., 2003; 
Powers et al., 2006; Lamming et al., 2012). Other indirect evidence show that in 
aging cells, autophagosomes are frequently eliminated and their formation 
deterred (Terman, 1995). 
 
Since autophagy is a pro-survival mechanism that recycles and renews cellular 
constituents, increased autophagic activities might truly induce a significant effect 
in improved cellular survival, hence longevity. 
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1.10 Main objectives of study 
CM are well-defined symmetrical architectures found in biological systems with 
their true role in physiology unknown. In this thesis, I focus on two main 
investigations, namely, the formation of CM and their potential physiological role. 
 
Even though the cross-sectional perception of CM is well-characterized 
(Almsherqi et al., 2010), the outer membrane impression and the interaction of 
molecules between the inside of CM and the cytosolic side have not been well-
established.On a separate note, although CM in amoeba Chaos are evidently 
induced by starvation, no further research has attempted to relate CM to 
autophagy which should be prevalent during a course of starvation. Intriguingly, 
in the case of amoeba Chaos, starvation induces CM formation within the 
mitochondrial membranes and this membrane transformation has not been studied 
or related to mitophagy/autophagy (see review: Kubli and Gustafsson, 2012) or 
implicated in the membrane-supplying process during autophagy (Hailey et al., 
2010) where nutrients are limited. Indeed, uncovering this relationship might 
provide further scientific acumen to both the biogenesis of CM and autophagy. 
 
Hence, these lead to the specific objectives of my study: 
1. To further investigate the ultrastructure of CM transition 
2. To explore the role of specific protein(s)/lipids in starvation-induced CM  
3. To correlate CM formation and autophagy  
4. To investigate the physiological role of CM in autophagy 
 












MATERIAL & METHODS 
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Generally, the ultrastructures of CM were assessed using TEM and scanning 
electron microscopy (SEM)with immunogold labeling if necessary. The 
identification of CM structures can be verified using QMSP, template matching 
and/or FFT (refer to Deng and Mieczkowski, 1998 and Chapter one of this thesis). 
 
On the other hand, autophagy was typically monitored through TEM and 
fluorescence microscopy and immunoblotting. Traditional method of detecting 
autophagy is through visualization of autophagosomes formation through TEM. 
At ultrastructural level, autophagosomes are delineated by double-membrane 
structures containing dense undegraded cytoplasmic materials (Mizushima et al., 
2010; Klionsky et al., 2012).  However, it might be difficult to distinguish 
between other vacuoles and autophagosomes. Furthermore, if degradation 
proceeds too far, determining whether the materials inside are of intracellular 
origin would be challenging (Mizushima et al., 2010).   
 
As such, TEM should be coupled with other biochemical assays to identify the 
onset of autophagy. The use of green fluorescence protein (GFP)-LC3 or tagging 
of endogenous LC3 is one of the typical and current methods to characterize 
autophagy. During autophagy, autophagosomes form and LC3 is converted from 
LC3-I (soluble form) to LC3-II (insoluble form) and the latter is attached to the 
autophagosomal membranes (Klionsky et al., 2012). As such, fluorescence tagged 
to this protein will appear as green punctae under the fluorescence microscope.   
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However,  this method might not be feasible for monitoring autophagosome 
numbers as GFP-LC3 endogenous LC3 might aggregate if they are co-expressed 
with other proteins that are inclined to aggregation or that the LC3 themselves are 
overexpressed (Kuma et al., 2007). Nevertheless, LC3-II expression levels can be 
monitored using western blot and this method can also indicate the onset of 
autophagy (Klionsky et al. 2012).  
 
2.1 Cells and reagents 
Amoeba Chaosand Tetrahymena pyriformis cells were purchased from Carolina 
Biological supply Co. Paramecium multimicronucleatumcells were kind gifts 
from Dr. Richard D. Allen’s research laboratory (Fok and Allen, 1979) and Dr. 
Masaki Ishida’s laboratory (Nara University of Education, Japan).  
 
EnzychromTM NAD+/NADH assay Kit and ApoSENSORTM ADP/ATP Ratio 
assay Kit were purchased from Bioassay Systems and Biovision, respectively. 
ATP assay kit was purchased from Biovision Inc. Antibodies for western blot, 
immunofluorescence assays and SEM immunogold labeling were bought from 
various companies:Monoclonal primary antibodies for protein succinate 
dehydrogenase subunit and ATP synthase α-subunit were purchased from 
Invitrogen, Carlsbad, USA. Polyclonal antibodies for porin, LAMP-1,T412-S6K, 
and S6K were bought from Abcam.Polyclonal antibodies againstLC3 and actin 
were bought from Sigma-aldrich.  
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Secondary antibodies Alexa Fluor 484 nm goat anti-rabbit and Alexa Fluor 594 
nm goat anti-mouse were purchased from Sigma-aldrich, St. Louis, USA. 
Secondary antibodies conjugated to gold probe (20nm) were purchased from 
Tedpella, Inc.. 
 
All other chemicals and reagents unless mentioned otherwise were purchased 
from Sigma-aldrich (St. Louis, MO, USA). 
 
2.2 Amoeba Chaos mass culture 
The amoeba cultures were maintained in inorganic amoeba medium containing 
0.5 mM CaCl2, 0.05 mM Magnesium sulphate (MgSO4), 0.16mM dipotassium 
phosphate (K2HPO4) and 0.11 mM Potassium dihydrogen phosphate (KH2PO4) 
dissolved in MilliQ water (Bruce and Marshell, 1968). Amoeba Chaos cells were 
kept in large treated Pyrex® baking dishes filled with amoeba medium of 7 to 10 
mm depth in darkness, at 22°C to 24°C on bench top. Amoeba Chaos was fed 
every two to three days only with 7-day old Paramecium multimicronucleatum or 
Tetrahymena pyriformis cultures at late log or early stationary phase of growth 
(Fok and Allen, 1979; Tan et al., 2005). Both P. multimicronucleatum and T. 
pyriformis cultures were maintained in rich growth media (Tan et al., 2005) and 
used for amoeba Chaos feeding after filtering with 3-piece glass filter funnel 
(Whatman) lined with a layer of GF/A glass microfibre filter (Whatman). 
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2.3 Amoeba Chaos harvest 
Prior to harvesting amoeba Chaos, the cultures were gently washed several times 
with amoeba medium to remove the food organism. Individual amoeba Chaos 
cells were then picked using a disposable Pasteur pipette into a glass beaker with 
amoeba medium, in which they were allowed to settle to the bottom simply by 
gravity. The supernatant was siphoned off and the clean Chaos cells were ready 
for further processing. No food organisms (P. multimicronucleatum or T. 
pyriformis)were added to amoeba Chaos culture for seven days in starvation 
treatment to obtain the mitochondria with and without CM organization, 
respectively. 
 
2.4 Isolation of amoeba Chaos mitochondria: Differential centrifugation 
Samples of fed and 7-day starved amoeba Chaos mitochondria were harvested 
and homogenated manually and gently using 5-ml glass homogenizers (Teflon 
Potter Elvehjem) in isolation medium (250 mM sucrose, 10 mM EDTA, 100 mM 
KCl, 50 mM Tris-HCl pH 7.4, 1 mM K2HPO4 and 0.2% BSA) at 4°C (Muller and 
Moller, 1969), in separate homogenizing tubes. The homogenates of each sample 
were spun down at 196g with Multifunction bench top centrifuge BR4i compact 
series (Inov solutions:Jouan) for 6 minutes at 4°C and the first pellet (containing 
many well-preserved nuclei, few mitochondria and some broken fragments of 
plasmalemma) was discarded. The supernatant was transferred to a new 2-ml 
eppendorf tube, and centrifuged at 1070g for 12 minutes at 4°C.  
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The second pellet, containing mainly the isolated mitochondria (CM structure 
maintained in 7-day starved amoeba Chaos), was used for further experiments. 
Bradford’s method was used to quantify the total mitochondrial protein 
concentration in the isolated sample (Bradford, 1976). 
 
2.5 Atomic force microscopy (AFM) 
One aliquot (20 µl) of suspension containing isolated mitochondria from 7-day 
starved or fed amoeba Chaos (Para/Tetra) were spread on several pre-marked 
spots on the surface of poly-L-lysine pre-coated microscope slides using a pipette 
with a small pipette tip. The slides were then left in the biological safety cabinet 
for one minute to allow the treated cells to attach to the surface. Following this, 
the glass slides were gently dipped in a 50-ml falcon tube filled with phosphate 
buffered saline (PBS) for several times to wash away the unattached mitochondria 
and the slides were vertically placed on an absorbent paper to remove any excess 
liquid. The attached mitochondria were then fixed with 2.5% glutaraldehyde 
(enough volume to cover the attached mitochondria) and left undisturbed for 2-4 
hours at room temperature in the biological safety cabinet. 
 
After which, the fixed mitochondria were washed with deionised water twice after 
removing glutaraldehyde and blot dry with a filter paper. Lastly, the slide was 
placed in a slide holder and left in a vacuum desiccator overnight to obtain 
completely dry the samples for imaging using a Nanoscope IV multimode atomic 
force microscope (Veeco Asia Pte Ltd). 
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2.6 Transmission electron microscopy (TEM) 
Both whole amoeba and isolated mitochondria (from 7-day starved and fed 
amoeba Chaos (Para/Tetra) cultures) were primarily fixed with 2.5% 
glutaraldehyde (GA) (Agar Scientific) at 4°C overnight followed by  secondary 
fixation using 1% osmium tetroxide (OsO4) (Ted Pella, Inc.) for 1 hour at room 
temperature. The samples were washed (three times) using PBS between 
treatments. Fixed samples were subjected to sequential dehydration by immersion 
in a graded series of ethanol (Fisher Scientific) with increasing strength of 
dehydration (25%, 50%, 75%, and 100%) at 10 minutes each. After dehydration, 
the samples were exposed to absolute acetone three times, at 15-minute interval. 
Epoxy resin, Araldite (Ted Pella, Inc.) was then introduced into the dehydrated 
specimens gradually to replace the acetone. Araldite:acetone witha ratio of 1:1 
was added to the sample at room temperature for 30 minutes and replaced with 
6:1 Araldite:acetone and incubated overnight. Fresh Araldite was subsequently 
introduced at room temperature for 20 minutes and transferred to 40ºC for 1 hour. 
The Araldite was replaced with fresh Araldite at 45ºC for 1 hour and finally 50ºC 
for 1 hour in an oven. At the final step of infiltration, pure resin specimen was 
transferred into a mold for embedment. The mold was then placed in an oven with 
temperature at 60ºC for 24 hours. The epoxy Araldite mixture was allowed to 
polymerize, ultimately forming a solid block. The plastic block was sectioned into 
slices of approximately 60 nm thickness using an ultramicrotome (Leica) and 
stained in 3% uranyl acetate (Electron Microscopy Sciences) followed by 
Reynold’s lead citrate.  
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Specimens were viewed and examined under the TEM (JEM1010, JEOL Ltd.). 
For TEM study where lanthanum nitrate hexahydrate (Sigma) is used, 1% of it is 
diluted in PBS and used together with OsO4. For pure lipid samples, negative 
staining is performed. Samples are air-dried on a copper grid (Tedpella, Inc.) and 
stained directly using Gadolinium (III) acetate tetrahydrate (Sigma)before 
viewing under TEM. 
 
2.7 Scanning electron microscopy (SEM) 
Isolated mitochondria from amoeba Chaos (7-day starved and fed) were primarily 
fixed with 2.5% GA (Agar Scientific) at 4°C overnight followed by  secondary 
fixation using 1% osmium tetroxide (OsO4) (Ted Pella, Inc.) for 1hour at room 
temperature with washing using PBS before and after fixation. The fixed samples 
were immobilized onto glass cover slips (Heinz Herenz Hamburg, Germany) that 
were pre-coated with 0.01% poly-L-lysine for 20 minutes. The cover slips with 
the sample were then subjected to sequential dehydration after washing with PBS, 
where they were immersed in a graded series of ethanol with increasing strength 
of dehydration (25%, 50%, 75% at 5min each and 95%, 100% at 10min each). 
Dehydrated samples were transferred to a chamber filled with pure dehydrant 
(ethanol) and placed into a cooled vessel (7-10°C) of a critical point dryer 
(Balzers: model CPD30) with 99.8% purified compressed carbon dioxide (CO2) 
(SOXAL). The initial pressure is 0 bar. Pressurized liquid CO2 gradually displaces 
ethanol in which the sample is soaked. After the exchange of ethanol to CO2, 
pressure was changed to around 45-55 bar.  
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This procedure of medium exchange was repeated every 15 minutes for 2 hours 
for complete displacement of ethanol. Temperature was slowly raised and 
eventually, the transitional fluid (carbon dioxide) reached a critical point where 
transition occurred at 38°C and 70-90 bar of pressure. The density of CO2 in 
liquid and vapor phase at this point will be the same and this CO2 was released 
into the atmosphere. The cover slips were mounted onto a carbon specimen stub 
of 10-mm diameter (Agar Scientific). The exposed surfaces of the isolated 
amoeba mitochondria were sputtered with a thin layer of gold particles (Baltec). 
After coating was completed, the samples were viewed under SEM (JSM6701F, 
JEOL Ltd.). 
 
For SEM-immuno-gold labeling, the samples were first prepared in accordance to 
immune-fluorescence assay using primary antibodies against porin (Abcam) or 
ATP synthase (Abcam) followed by  secondary antibodies-conjugated to gold 
probe (20nm) (Tedpella, Inc.) and fixed with 2.5% GA before subjecting to 
dehydration and subsequent steps in SEM.  
 
2.8 JC-1 dye staining 
JC-1 dye stock was thawed to room temperature before diluting the reagent in 
amoeba medium (1:10 dilution) and vortex to mix, ensuring particles-free solution. 
Amoebae are permeabilized using digitonin (refer to 2.11) and then incubated 
with JC-1 in amoeba medium at room temperature in 96-well plate (NuncTM).  
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The mixture was ensured to be free of cell clumping and the live samples are 
incubated at 22°C for 15-30 minutes. The cell suspension was then washed with 
amoeba medium three times before analysing using Olympus FLUOVIEW 
FV1000 confocal laser scanning microscope. The mitochondrial membrane 
potential is indicated by the ratio of green to red fluorescence. In healthy cells 
with high mitochondrial potential, JC-1 forms complexes and show intense red 
fluorescence whereas in unhealthy cells with low mitochondrial potential, JC-1 
shows only green fluorescence as it remains as a monomeric form. The red:green 
fluorescence intensity ratio is dependent on the membrane potential of the 
mitochondria and not influenced by mitochondrial density, size and shape. 
 
2.9 NAD+/NADH assay 
Simply, Nicotinamide adenine dinucleotide (NAD+) and NADH (reduced form of 
NAD+) concentrations in amoeba Chaos were elucidated using an EnzychromTM 
NAD+/NADH assay Kit (Bioassay Systems) containing the following reagents 
required for each sample: NAD+ extraction buffer, NADH extraction buffer, 
Assay buffer, 1 mM NAD+ premix, 1v% Ethanol, phenazine methosulfate (PMS), 
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT), Enzyme. 
This assay kit allows the calculation of NAD+ and NADH concentrations via a 
standard curve of Concentration vs. Optical density (OD). 7-day starved and well-
fed amoeba Chaos cells were used in this assay in NAD+/NADH ratio 
determination. Each sample was washed with cold Phosphate Buffer Saline (1X 
PBS).  
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For both starved and fed samples, 50µl of NAD+ extraction buffer was added to 
330 cells for NAD+ determination and 50 µl of NADH extraction buffer to the 
remaining 330 cells for NADH determination. The cells were then lysed in 
respective extraction buffer with a 5-ml Glass/Teflon Potter Elvehjem 
homogenizer. The extracts were heated at 60°C using a Thermo Shaker (Biosan 
TS-100) for 5 minutes and 10 µl of Assay buffer was added to each lysate. 50 µl 
of opposite buffers were added to each mixture and centrifuged at 17122g for 5 
minutes. 40 µl of each sample was added to separate wells in a 96-well plate 
(NuncTM). A Calibration curve was made using 10 µM NAD+ premix prepared; 8 
µM of NAD+ standard and three other dilutions of NAD standard (4 µM, 2 µM, 1 
µM) were prepared by serial dilution. Similarly, 40 µl of each standard was added 
to separate wells in the 96-well plate. For each well, reagent for this assay was 
freshly prepared by mixing 50µl Assay buffer, 10 µl 1v% Ethanol, 14 µl 
formazan (MTT) solution, 14 µl phenazine methosulfate (PMS) solution and 10 
µl enzyme for each. 80 µl of this reagent was added to each well and mixed 
thoroughly but briefly by tapping, ensuring no air bubbles.  
 
The 96-well plate was then placed in an OD reader (Biotek µQuant Microplate 
Scanning Spectrometer; Biotek Intruments, Inc) and read at zero time (OD0) at 
565 nm wavelength and at 15 minutes (OD15).  After subtracting OD0 from OD15 
for the standard and sample wells, the calculated OD values were used to 
determine the NAD+ /NADH concentration from the standard curve. 
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2.10 ADP/ATP ratio assay 
Adenosine Disphosphate/Adenosine Triphosphate (ADP/ATP) ratio in amoeba 
Chaos was determined using an ApoSENSORTM ADP/ATP Ratio Assay Kit 
(Biovision) with the following reagents: Nucleotide releasing buffer, ATP 
monitoring enzyme and ADP converting enzyme. 
 
Briefly, fed and 7-day starved amoeba Chaos were used in this assay. Each 
sample was washed with cold PBS and transferred onto a white opaque 96-well 
plate (Perkin-Elmer Life Sciences Inc.) for luminescence assay. 100 µl of 
nucleotide releasing buffer was used in each sample with gentle shaking for 5 
minutes. 1 µl of ATP monitoring enzyme was added to each sample and read in a 
luminometer (Tecan Ultra 384; Scimed (asia) PTE LTD; Ultra reader 1290310084) 
in one minute (data A). The samples were then read again in 10minutes (data B). 
Add 1µl ADP converting enzyme to each well and read the plate in one minute 
(data C). ADP/ATP ratio was calculated as: (Data C - Data B)/Data A. 
 
2.11 Digitonin solubilization of amoeba Chaos 
Digitonin was used as a detergent in this assay as it is effective in water-
solubilizing lipids. Amoeba Chaos cells were used in this assay and permeabilized 
with the optimum concentration of digitonin, while keeping the cells viable. 
Digitonin was dissolved in Dimethyl Sulfoxide (DMSO). The solution was 
titrated to a final concentration of 16 µM digitonin in amoeba medium, ensuring 
the amount of DMSO is below 1% to prevent toxicity to cells.  
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Both 7-day starved and fed amoeba Chaos were each incubated with 16 µM 
digitonin for 20 minutes. MitoTracker Red CMXRos (Invitrogen, Carlsbad, USA) 
was dissolved in DMSO and further diluted in amoeba medium to a final 
concentration of 10nM in the digitonin permeabilised cells suspension and 
incubated for 15minutes, avoiding light.  The samples were then observed under 
fluorescence light microscope (Nikon Eclipse TE2000-U) using a green filter. 
 
2.12 Respiration experiments with digitonin-permeabilised amoeba Chaos 
Classical way of measuring oxygen consumption is by isolating respiring 
mitochondria from the cells or by permeabilising the cells and introducing 
substrates and inhibitors specific to mitochondria respiratory complexes. The 
latter was performed on amoeba Chaos in this study. The evaluation of the 
tightness of respiration and phosphorylation coupling of in vitro/ in vivo 
mitochondria is indicated by respiratory control ratio (RCR) which is also the 
[State 3 respiration rate]: [State 4 respiration rate]. ‘State 4’ respiration of isolated 
mitochondria is defined as the oxygen consumption on a particular substrate (e.g. 
succinate) in the absence of ADP. However, as living cells contain endogenous 
substrate and phosphate, initial oxygen consumption of amoeba Chaos cells 
detected by electrode is regarded as ‘State 4’ respiration. As oxidative 
phosphorylation in mitochondrial is virtually proportional to the amount of ADP 
present, the sudden surge in oxygen uptake by permeabilised cells upon ADP 
addition; active respiration converting ADP to ATP is referred to as ‘State 3’ 
respiration.  
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In this study, all respiratory experiments on amoeba Chaos were carried out with 
in vivo RCR of approximately 2.2 to 3.3. The following Figure 2.1 illustrates the 
typical oxygraph assay trace. 
 
Figure 2.1 Graphical representation of a typical oxygraph assay trace.Initial 
respiration of cells regarded as ‘state 4’ respiration and ‘state 3’ respiration is 
achieved by addition of ADP. Respiratory experiments were conducted when 
ADP is depleted – ‘state 4’ respiration resumed. Sodium dithionite is added to 
deplete all oxygen left in the oxygraph chamber after experiment and the steady 
state of zero oxygen consumption is noted as the baseline of zero oxygen detected 
by the electrode. 
 
Amoeba Chaos (~400 cells ≈ 160 µg cell proteins) were incubated in the chamber 
of oxygraph electrode control unit (Oxytherm, Hansatech, UK) with 16 µM of 
digitonin for 10-20 minutes. Respiration of digitonin- permeabilised amoeba 
Chaos were measured at 25˚C using a Clark-type electrode (Oxytherm, Hansatech, 
UK) in 500µl of an air saturated amoeba medium. Mitochondrial oxygen 
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2.13 Lipid extraction 
Lipids from P. multimicronucleatum and T.pyriformis were extracted and 
analyzed for phospholipids including plasmalogens. Phospholipids were extracted 
in accordance to Bligh and Dyer (1959) with two sequential extraction steps to 
maximize the yield. In brief, the cells were collected, washed with PBS and spun 
down at 196g with Multifunction bench top centrifuge BR4i compact series (Inov 
solutions:Jouan). Collected cell pellets were separately homogenized in 0.6 ml of 
chloroform:methanol (1:2, v/v), and the mixture was vortexed for 30 seconds. 
Lipids were further extracted at 4°C under vigorous shaking (1200rpm) for 10 
minutes. 0.3 ml chloroform and 0.3 ml deionised water (cold) was then added to 
the mixture and vortex to mix for 30 seconds followed by incubation on ice for 
one minute (repeat these steps twice). Phases were separated by high-speed 
centrifugation at 6700g for two minutes, and the lower phase was transferred to a 
fresh tube (extract 1). Residual aqueous phase and cell remnants were re-extracted 
with 0.6 ml chloroform as described above and the organic (lower) phase was 
obtained (extract 2). Extracts 1 and 2 are combined and dried in a vacuum 
concentrator; SpeedVac (Thermo Savant, Milford, MA, USA) and stored at -20°C. 
Before analysis, lipids were dissolved in chloroform/methanol (1:1, v/v). 
 
2.14 Analysis of lipids by mass spectrometry 
Following a protocol adapted from Shui et al. (2011), phospholipids and 
plasmalogens were quantified using a shotgun-tandem mass spectrometry (MS) 
approach. 
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The lipids are first dissolved in 400 µl chloroform:methanol in a ratio of 1:1 and 
mixed 1:1 with an internal standards solution (20 µl sample + 20 µl standard). The 
internal standard solution was prepared for lipid species 
lysophosphatidylcholine(lysoPC) and PC as follows: 60 µL 
dimyristoylphosphatidylcholine(DMPC) (1 mg/ml), 1 µl lysoPC (1 mg/ml), 6 µl 
C12-SM (1 mg/ml), diluted in chloroform: methanol in a ratio of 1:1 to a total 
volume of 1 ml. The internal standard solution was prepared for lipid species PE, 
PS, PG and PI species as follows: 48 µl dimyristoylphosphatidylethanolamine 
(DMPE) (1 mg/ml), 3µl C14-lysoPE (1 mg/ml), 30 µl diC8PI (0.1 mg/ml), 3µl 
dimyristoylphosphatidylserine(DMPS) (1 mg/ml), 1.2 µl C16LysoPS (1 mg/ml), 
and 1.8 µl dimyristoylphosphatidylglycerol (DMPG) (1 mg/ml), diluted in 
chloroform:methanol in the ratio of 1:1 to a total volume of 6 ml. 
 
Samples (10 µl) were then introduced into the mass spectrometer using an Agilent 
1200 high-performance liquid chromatography (HPLC) system without 
chromatographic separation. The injection solvent consisted of 
chloroform:methanol 1:1 in the case of lysoPC and PC analysis and 
chloroform:methanol 1:1+ 2mM piperidine in the case of other phospholipids 
analysis. The flow rate was 250 µl/min and the analysis time 1.7 minutes. The 
mass spectrometer was an Applied Biosystem Triple Quadrupole/Ion Trap mass 
spectrometer 4000 trap (Applied Biosytems, Foster City, CA). The lipid species 
were quantified using multiple reaction monitoring (MRM) and positive 
ionization lysoPC and PC or negative ionization PE, PS, PG, and PI.  
- 64 - 
 
2.15 Liposome preparation 
Liposome preparation in our study follows the protocol from Avanti Polar Lipids 
Inc..To investigate CM organization in in vitro pure lipid system, lamellar 
liposome is prepared to mimic lamellar bilayers. To achieve this, artificial lipids, 
18:1 (∆9-Cis) PC (DOPC) 1,2-dioleoyl-sn-glycero-3-phosphocholine and 18:1 
(∆9-Cis) PE (DOPE) 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (Avanti 
polar lipids Inc.) are mixed at ~10-20mg/ml in organic solvent (chloroform). 
After dissolving the lipids mixture in chloroform, the solvent is removed using a 
centrifugal evaporator (Joun RC1022) to retrieve a dry ‘lipid cake/film’. This 
follows by hydration of the lipid cake/film by adding deionised water and 
vigorous agitation for one hr. At this point, large multilamellar vesicles are 
obtained. Once hydration is successfully completed, sizing of lipid suspension is 
performed to obtain small unilamellar vesicles via sonication for 15 min using a 
sonicator: ultrasonic bath (VWR international). In this study, synthetic 
plasmalogen PC, PE and/or PI were added individually or in combination to 
verify their contribution to membrane shape of liposomes. 
 
2.16 iTRAQ labeling and two-dimensional (2D) LC-MALDI MS 
Isolated mitochondria of both starved and fed amoeba Chaos were processed for 
protein analysis. 40 µg of total mitochondrial proteins from each sample were 
used for iTRAQ (isobaric tag for relative and accurate quantification) experiment 
where proteins were labeled with unique iTRAQ reagents (Applied Biosystems).  
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These reagents are namely, 114, 115 for duplicates of starved mitochondrial 
protein sample and 116, 117 for fed. The reagents are named based on the 
molecular mass in Daltons (Da) of the reporter ions in each reagent (Ross et al., 
2004). Briefly, the proteins were denatured, reduced and cysteine blocked, 
digested and labeled in accordance to manufacturer’s iTRAQ kit protocol 
(Applied Biosystems).  
 
Firstly, each mitochondrial protein samples was treated with 10% Sodium 
Dodecyl Sulphate (SDS), 40% Acrylamide-Bis solution (Bio-Rad), distilled water, 
10% Ammonium Persulfate (APS), and Tetramethylethylenediamine (TEMED 
from Bio-Rad) to form a tube gel. The polymerized gels containing the protein 
were next fixed in 50% ethanol and 12% acetic acid.  The gel from each sample 
was cut into small fragments, washed with 0.5 M Triethylammonium bicarbonate 
(TEAB), dehydrated with 100% acetonitrile (ACN) and alkylated with 10 mM 
Methylmethanethiosulfonate (MMTS). The samples were then digested with 50 
µl of 12.5 ng/µl trypsin at 4˚C for 30 minutes. Excess trypsin was removed and 
the gels were suspended in 15µl of 0.5 M TEAB at 37˚C for 16 hours. The 
amoeba Chaos mitochondrial peptides of both starved and fed samples were 
subsequently extracted and vacuum-dried. The protein samples were reconstituted 
with 30 µl of 500 mM TEAB (pH 8.5) and labeled with iTRAQ reagents. 
 
 
- 66 - 
 
The iTRAQ labeled peptides were resuspended in 20 µl of 5 mM Potassium 
dihydrogen phosphate (KH2PO4) buffer containing 5% acetonitrile, pH 3.0 and 
separated by 2D-Liquid Chromatography (2D-LC) using an Ultimate dual-
gradient LC system (Dionex-LC Packings), as described previously (Li et al., 
2007). The LC fractions were then analysed with an ABI 4800 Proteomics 
Analyser MALDI TOF/TOF mass spectrometer (Applied Biosystems).  
 
Proteins and peptides were identified and quantified using GPS Explorer software 
version 3.5 (Applied Biosystems) using MASCOT search engine (version 2.1; 
Matrix Science). National Center for Biotechnology Information (NCBInr) 
protein database was used for search. iTRAQ-labeled lysine and N-terminus and 
Cysteine methanethiolation were selected as fixed modifications (Zieske et al., 
2006). The MS/MS (tandem mass spectrometry) spectra were manually inspected 
for proteins identified with low ion scores. 
 
2.17 Western blot analysis 
7-day starved and fed cells from both amoeba Chaos (Para/Tetra) cultures were 
boiled with 3X SDS loading dye (Amersham, UK) for 10 minutes and cooled. 
The samples were separated on 10% polyacrylamide gel in 1X running buffer (3 g 
Tris base, 14.4 g glycine, 1 g SDS in 1 L distilled water, pH 8.3) and blotted onto 
a nitrocellulose membrane in 1X transfer buffer (3.205 g Tris base, 14.25 g 
glycine, 200 ml methanol, 800 ml distilled water).  
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The membrane was then blocked using 5% skimmed milk in TBST (20 mM Tris 
pH 7.4, 154 mM sodium chloride [NaCl], 0.1% Tween-20) for 1.5 hours and 
washed three times with TBST at 10-minute intervals. The membrane was 
incubated with primary antibodies (different dilutions for each antibody) at 4˚C 
overnight and washed three times in TBST at 10-minute intervals. It was then 
incubated with 1:7000 dilution of purified rabbit anti-mouse Immunoglobulin 
horseradish peroxidase-conjugated secondary antibody (Invitrogen, Carlsbad, 
USA) for one hour at room temperature and washed three times in TBST at 10-
minute intervals again. This is followed by a treatment with a mixture of standard 
enhanced chemiluminescence (ECL) kit (Amersham, UK) for two minutes on the 
membrane and then exposed to X-ray films for image development.  
 
Monoclonal primary antibodies for protein succinate dehydrogenase subunit 
(Invitrogen, Carlsbad, USA) and ATP synthase α-subunit (Invitrogen, Carlsbad, 
USA) were used in 1:100 and 1:2000 dilutions, respectively. Polyclonal 
antibodies for porin (Abcam) and protein LC3 (Sigma-aldrich) were used in 
1:1000 dilution while antibodies for T412-S6K (Abcam), S6K (Abcam) and actin 
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2.18 Immuno-fluorescence assay (IFA) 
7-day starved and fed amoeba Chaos (Para/Tetra) were first fixed with 4% 
paraformaldehyde for 1-2 hours and washed three times with PBS buffer. 
Following this, the specimens were immobilized on 0.01% poly-L-lysine pre-
coated glass cover slips for 30 minutes. The cover slips were gently washed with 
PBS buffer and excess liquid were removed using filter papers without coming 
into contact with the samples. The samples were then subjected to aldehyde 
blocking using 0.05 M glycine twice at 10-minute intervals followed by protein 
blocking using 5% BSA for 15 minutes. The cover slips with the samples were 
washed three times using PBS buffer after each treatment. Overnight incubation 
with primary antibodies (diluted in 0.1% BSA in PBS) was then performed at 4ºC.  
 
Monoclonal primary antibodies for protein ATP synthase α-subunit (Invitrogen, 
Carlsbad, USA) was used 1:200 dilution. Polyclonal antibodies for porin (Abcam) 
and protein LC3 (Sigma-aldrich) and LAMP-1 (Abcam) were used in 1:200 
dilution. The amoebae were then washed six times with 0.1% BSA in PBS and 
incubated with their respective fluorescent-tagged secondary antibodies: Alexa 
Fluor 484 nm goat anti-rabbit (1:500 dilution) and Alexa Fluor 594 nm goat anti-
mouse (1:500 dilution) for 20 minutes at room temperature. Lastly, the cover slips 
were mounted onto glass slides using Prolongo (Invitrogen) mounting reagent and 
air dried. The immunoblotted samples were viewed using Olympus FLUOVIEW 
FV1000 confocal laser scanning microscope. 
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2.19 ATP assay  
Briefly, this is a colorimetric study based on a protocol provided by Biovision Inc. 
Amoeba lysates were collected into a 96-well plate in triplicates at 50 µl per well. 
A reagent mix consisting of ATP assay buffer, ATP probe, ATP convertor, 
developer mix in a ratio developed by Biovision Inc., is added in 1:1 ratio (v/v) to 
cell lysates. The mixture is incubated for 30 minutes at room temperature away 
from light. The plate is analyzed at 535 nm excitation wavelength and 578 nm 
emission wavelength using a microplate reader, Biotek µQuant Microplate 
Scanning Spectrometer (Biotek Intruments, Inc.). 
 
2.20 Statistical analysis  
All numeric data are expressed as means ± S.D. (standard deviation) from at least 
three independently repeated experiments. Image data are representatives from at 
least three repeated experiments. Differences of each group of data within each 
figure were calculated using Student’s t-test employing Microsoft Excel 
(Microsoft, Richmond, WA). Statistically significant differences were indicated at 




















CHARACTERIZING MITOCHONDRIA WITH CUBIC MORPHOLOGY 
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3.1 Introduction 
Thus far, mathematically well-defined CM organization is mainly based on highly 
curved 3D periodic cubic surfaces that share similar structures with cubic phases 
in pure lipid systems with various types of symmetry (Luzzati and Husson, 1962; 
Landh, 1995; de Kruijff, 1997; Hyde et al., 1997). Whereas symmetry in cubic 
phases are deemed infinite repeats of periodic minimal surfaces, similar structures 
such as CM in biological systems, are much less studied and 
understood.Nonetheless, in the case of the latter, the cross-sectional area of CM in 
the mitochondria of amoeba Chaos is well-characterizedby QMSP (Deng and 
Mieczkowski, 1998). The double membrane bilayers here divide space into 
separate convoluted subspaces. In biological systems, dissimilar to cubic phases, 
cubic morphologyis not perceivedto extend infinitely as a repeated structure. 
Typically, organelles, specifically mitochondria in this context,are generally 
understood to bemembrane-enclosed structures (Henze et al., 2003). 
 
At present, the enclosed surface of CM is not recognized. Even though the inner 
mitochondrial membranes of amoeba Chaos are currently the best characterized 
CM; recognized to be cubic in morphology, their outer surface to which inner 
membranes connect and  supposedly enclose remains an enigma. Generally, 
mitochondrial inner membranes form cristae which are essentially tubular 
invaginations. Cristae membranes join with the remaining inner membrane, 
termed inner boundary membrane which is adjacent to the outer membrane (Frey 
and Mannella 2000; Mannella, 2006; Zick et al., 2009). 
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Unlike the highly complex structure of inner mitochondrial membranes, the outer 
membrane of mitochondria are well-accepted as a relatively smooth structure 
rendering an oblong-shaped depiction, although mitochondria can take many 
shapes (Griparic and van der Bliek, 2001).  
 
Mitochondrialmorphological changes are, in the recent years, learned to be critical 
in physiological implications. Their shapes influence cellular functions such as 
Ca2+ signalling (Szabadkai et al., 2004),the production of reactive oxygen species 
(Yu et al., 2006), apoptosis where the curvature of the cristaemembrane is 
inverted for the release of cytochrome c (Scorrano et al., 2002; Frezza et al., 2006; 
Yamaguchi et al., 2008). Interestingly, mitochondrial morphology is also reported 
to associate with neuronal plasticity (Li et al., 2004), muscle atrophy (Romanello 
et al., 2010) more intriguingly, lifespan (Scheckhuber et al., 2007). 
 
As mitochondrial inner membranes in amoeba Chaos has the ability to re-
organize from tubular to cubic morphology, it is interesting to understand how 












3.2.1 Mitochondria with cubic morphology as a spherical structure with 
invaginated surface 
Previous publications have already shown beautiful images of CM in amoeba 
Chaos (Deng and Mieczkowski, 1998; Deng et al., 1999; Almsherqi et al., 
2008).Notably, it was reported that mitochondria with cubic morphology are able 
to uptake short oligonucleotides (ODNs) (Almsherqi et al., 2008). In this light, 
although the observed phenomenon is a fact, how these macromolecules are able 
to associate with the alleged inner membranes of the mitochondria with cubic 
morphology was not demonstrated. Nevertheless, it is conceivable that these 
macromolecules in the cytosol should interact with the outer surface of the 
mitochondria in order to associate closely with the inner mitochondrial 
membranes. Hence, the first inspired investigation in my work is to elucidate the 
surface impression of mitochondria with transformed inner mitochondrial 
membranes to cubic organization. 
 
Unlike the study of inner mitochondrial membranes, investigation of 
mitochondrial surface first requires the isolation of mitochondria. Here, by 
utilizing a protocol specific for isolating mitochondria with cubic morphology 
(hereinafter, referred to interchangeably with “CM” in this thesis), the surface 
contour of these mitochondria can be unequivocally studied. Mitochondria with 
tubular inner membrane morphology are used as controls for comparison study. 
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CM were isolated from seven days-starved Chaos whilst mitochondria with 
tubular inner membranes (control) were isolated from well-fed Chaos. The outer 
membrane of both control and CM were first exemplified using atomic force 
microscopy (AFM). Figure 3.1 illustrates that compared to normal mitochondria 
with tubular inner membranes (Figure 3.1A); the outer surface of mitochondria 
with cubic inner membrane morphology has a relatively undulating exterior 
(Figure 3.1B). However, due to technical limitations, AFM is unable to image the 
actual surface contour if there is a sharp change on the ‘altitude’ of the sample 
surface. Indeed, from Figure 3.1B, areas marked by theblack arrow heads 
indicated such an event. Nonetheless, AFM results show a disparity on the 
exterior surface of the mitochondria, pointing out a change on the outer 
mitochondrial membranes that might be consequent/ in relation to inner 
mitochondrial membranes transition from tubular to cubic morphology. 
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Figure 3.1 Surface impressions of isolated mitochondria via AFM and SEM. 
AFM imaged the surface impression of (A) an isolated mitochondria from well-
fed amoeba Chaos with tubular inner membranes morphology (control) which 
appears smooth vs. (B) relatively rougher exterior of an isolated mitochondrion 
from 7-day starved amoeba Chaos with cubic inner membrane morphology. 
Further investigation using SEM elucidated micrographs showing (C)smooth 
mitochondrial outer membrane surfaces of a cluster of mitochondriawith tubular 
inner mitochondrial membranes morphology (control). (D) Mitochondria with 
inner membranes forming cubic morphology appear to have highly invaginated 
exterior. Both types of mitochondria in (C) and (D) are shown in a higher 
magnification on an individual mitochondrion in (E) and (F), respectively. Bars = 
0.5µm. 
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On the same note, it is emphasized that AFM only depicts images of individual 
mitochondrion. In an effort to validate the observations in Figure 3.1B, and to 
verify that the undulating mitochondria surface is ubiquitous, SEM is performed 
for viewing isolated mitochondria in clusters and single mitochondrion (Figures 
3.1D and 3.1F, respectively). Differing from AFM, SEM captures the actual 
images of mitochondria instead of creating images via tapping on the 
mitochondria surface with a tip (Goldstein et al., 1981; Bryant and Miller, 
1988).Therefore, clearer images of isolated mitochondria (with and without inner 
CM morphology) can be captured (Figures 3C-F). 
 
In fact, Figure 3.1Dand 3.1F not onlyauthenticate that the outer surfacesof CM 
appear undulating compared to control (Figures 3.1C and 3.1E), they are highly 
invaginated to the extent that channels seemingly form on the outer membranes. 
These data might further support the proposalof passive uptake and retention 
ofshort ODNsin thecubic structure in mitochondria (Almsherqi et al., 2008). 
However, whether these ODNs localize within the inner or the outer 
mitochondrial membranes remains to be answered. Moreover, another question to 
be addressed is if the observed undulated outer appearance of mitochondria is 
consequent to shearing of the outer mitochondrial membrane during isolation; 
thereby exposing the inner mitochondrial cristae. 
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3.2.2 Observed mitochondria with cubic morphology has an intact outer 
membranes surface  
To corroborate the observations in Figure 3.1, SEM-immunolabeling against outer 
and inner mitochondrial membranes-specific proteins (porin and ATP synthase 
respectively) was performed. As indicated in Figure 3.2, the presence of each 
protein on the mitochondria surface is represented by a gold particle conjugated 
with the respective antibody when the electrons beam (Figures 3.2.1A, C; Figures 
3.2.2A, C) was switched to backscattered electrons (Figures 3.2.1B, D; Fig. 
3.2.2B, D). Unambiguously, outer mitochondrial membrane protein (porin) is 
present on the surface of (Figures 3.2.1A-B) mitochondria with inner membranes 
in cubic morphology and that of the control (Figures 3.2.1C-D).  
 
In addition, inner mitochondrial membrane protein (ATP synthase) was not 
detected in both types of isolated mitochondria (Figures 3.2.2B, D), suggesting 
that the highly invaginated surface of the mitochondria (Figures 3.1D, F) is not 
due to damaging of the outer covering of mitochondria (due to technical error) but 
the outer mitochondrial membrane itself. 
 
 Figure 3.2.1 SEM micrographs of 
anti-porin antibodies. (A) Isolated mitochondrion with cubic inner membrane 
morphology from 7-day
surface and (B) backscatter electrons 
indicated by distinct gold particles. (C) SEM micrograph of isolated mitochondria 
with tubular inner membrane morphology (control) 
outer surface and (D) backscatter electrons unveil
protein (porin) on the surface of the mitochondria, denoted by bright spots of gold 
particles. Bars = 0.5µm. 
 
Moreover, preliminary data of computer simulation of CM with enclosed surface 
(provided by Dr. Felix Margadant, Mech
of Singapore) predicted a structure similar to that observed in Figure 3.2 (Figure 
3.3).  
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Figure 3.2.2 SEM micrographs of isolated mitochondria tagged with gold-
tagged anti-ATP synthase antibodies. (A) Isolated mitochondrion with cubic inner 
membranes morphology from 7-day starved amoeba Chaos shows invaginated 
membrane surface and (B) backscatter electrons reveals that ATP synthase 
proteins (indicated by distinct gold particles) are not present on its surface. 
(C)SEM micrograph of isolated mitochondrion with tubular inner membrane 
morphology (control) displays a relatively smoother outer surface and (D) 
backscatter electrons unveils that mitochondrial inner membrane protein (ATP 
synthase) is absent from the surface of mitochondrion, that should be denoted by 
bright spots of gold particles. Bars = 0.5µm. 
 
The cross section of CM as observed in TEM of my work (Figure 3.3A) and in 
prior studies (Deng and Mieczkowski, 1998) is almost perfectly predicted by that 
from the computer simulated CM (Figures 3.3B). In addition, the predicted 
enclosed surface of CM also indicates a possible perception of the relevant outer 
mitochondrial membrane (Figures 3.3C-D). Indeed, this data further corroborates 
that our observed SEM data are unlikely to be artifacts. 




Figure 3.3 Comparing computer simulation of CM with TEM/SEM view of 
CM (isolated mitochondria from starved amoeba Chaos). (A) TEM micrograph of 
7-day starved amoeba mitochondria with inner CM arrangement that is closely 
predicted using (B) computer simulation showing the cross section of (3D 
mathematical model) enclosed CM. (C) SEM micrograph of 7-day starved 
amoeba mitochondria with inner CM arrangement. (D) Computer simulation 
displaying 3D impression of enclosed CM bears a close resemblance to (C).  Bars 
= 0.5µm. (B) and (D) are provided by Dr. Felix Margadant, Mechanobiology 
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3.2.3 Inner channels of cubic membranes are possibly connected to the 
cytosol 
Currently, I have shown that the outer appearance of the mitochondria with cubic 
inner membranes are highly invaginated and these invaginations on the outer 
membranes are most likely associated with the reorganization of the inner 
mitochondrial membranes from tubular to cubic morphology. The next relevant 
investigation pertains to whether these membranes transformations render the 
channels forming inward the mitochondria from their surfaces. 
 
CM shares the same geometry as periodic surfaces that are mathematically 
defined. The double membrane structures of CM divide the space occupied into 
three separate subspaces (Deng and Mieczkowski, 1998).In order to understand if 
the ‘channels’ formed by this space division (Figure 3.4) by inner mitochondrial 
membranes connect and open into the cytosol, staining of the isolated 
mitochondria with cubic morphology using lanthanum nitrate was performed.  
 
Lanthanum is a metallic element that is used in electron microscopy (EM) to 
delineate space. Because of its electron density, it is often used as a tracer in EM 
in biology. Lanthanum typically delineates extracellular or intracellular junctional 
spaces. More significantly, because of its interaction with membrane 
glycoproteins (negatively charged), lanthanum is used to study the permeability of 
biological barriers, especially for intracellular structures (Doggenweiler and Frenk, 
1965; Revel and Karnovsky, 1967; Shaklai and Tavassoli, 1982). 
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However, it is noteworthy that optimal conditions are required for using 
lanthanum as a tracer in this regard. Colloid form of lanthanum is preferred as it is 
impermeable to membranes and remains in the extracellular space. This form is 
mainly affected by pH where its optimal pH ranges from 7.2 to 8.5. At higher pH, 
lanthanum precipitates prematurely while lower pH renders it permeable to 
membranes (Matter et al., 1969). 
 
In my work, lanthanum is prepared in optimal pH to ensure that it is in colloid 
form in order to prevent any false positive/negative observations. As shown in 
Figure 3.4A, lanthanum nitrate was not able to penetrate the observed outer 
membrane of an isolated mitochondrion - with tubular inner membrane 
morphology (control) - from Chaos. Lanthanum nitrate stain is delineated as 
darker black stain which precipitates in spaces outside of the organelle or is 
gathered on the exterior membranes of the isolated mitochondria with tubular and 
even ruptured inner mitochondrial membranes (Figure 3.4B).  
 
Essentially, while the external membrane of the organelle is intact, it seems that 
lanthanum impregnation is unattainable (Figures3.4A-B). This is expected of a 
normal mitochondrion where the inner compartments of the mitochondrion should 
be impenetrable. 
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Figure 3.4 Representative TEM micrographs of isolated mitochondria stained 
with lanthanum nitrate. (A) Lanthanum appears to stain the spaces outside of the 
isolated mitochondrion and the outer membrane of the organelle with tubular 
inner membrane structure.(B) Despite having ruptured inner mitochondrial 
membranes, lanthanum does not seem to penetrate the organelle with intact outer 
membrane. (C) When isolated CM is stained with lanthanum, it appears that the 
chemical stained not only the outer membrane but also the inner membranes that 
have adopted CM morphology (white box). Bars = 0.2µm. 
 
Intriguingly, this is not the case for isolated mitochondria with cubic inner 
membranes morphology. Figure 3.4C illustrates that even though some of the 
lanthanum stain adhered to the outer membrane of the mitochondrion; the stain 
appears to enter the inner space of the mitochondrion and stained the inner 
mitochondrial membranes where cubic morphology is distinct (area highlighted 
with a white box). Strikingly, it might be plausible that CM transformation have 
acted similar to T-tubules in muscles whereT-tubulesare proven to be filled with 
lanthanum in similar TEM experiments (Franzini-armstrong, 1970; Waugh et al., 
1973).  
 
T-tubules are deep invaginations of sarcolemma which are underscored to be an 
open space that directly communicates with the extracellular space (Fahmi and 
Cotran, 1971; Waugh et al., 1973). 
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3.2.4 Membrane potential of mitochondria with cubic morphology is not 
impaired 
Preliminary results suggest a possible connection between subspaces formed by 
CM in the mitochondria and that outside of the mitochondria. However, data thus 
far are unable to conclude whether this connection truly exposes the 
intermembrane space or the matrix of the mitochondria to the cytosol when the 
inner mitochondrial membranes transform into cubic morphology.  Indeed, to 
fully determine these hypotheses are difficult. Nonetheless, such peculiar 
transformation of the mitochondrial membranes posed an important question as to 
whether these mitochondria still functions normally and fundamentally in terms of 
respiration. Hence, a quick approach to this notion is possibly to validate the 
membrane potential of the mitochondria.  
 
Since nearly all mitochondria transform to CM in Chaos after seven days of 
starvation, the membrane potential of these mitochondria are tested against those 
in well-fed Chaos (control). Typically, the fluorescence intensity emitted by JC-1 
dye indicates the condition of mitochondria and this can be measured using flow 
cytometry technique (Sack et al., 2006) or ImageJ analysis (Burgess et al., 2010; 
Gavet and Pines, 2010; Potapova et al., 2011). 
 
The latter is preferred in this study as amoeba Chaos are too large (up to 3mm) to 
pass through the flow chamber in a flow cytometer that suspends particles up to 
0.15mm in size (Loken, 1990). 
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Briefly, JC-1 is a membrane-permeant dye commonly used to monitor 
mitochondrial health. Fluorescence emission shift from green to red in the 
mitochondria indicates the potential-dependent accumulation of JC-1 dye. 
Essentially, mitochondrial health deterioration is indicated by a decrease in 
red/green fluorescence intensity ratio, suggesting mitochondrial 
depolarization(Life technologiesTM). 
 
Figures 3.5A-C show represented images of mitochondria in well-fed amoeba 
Chaos without cubic morphology (control). Figure 3.5A displays an image of a 
whole amoeba whilst Figure 3.5B and 3.5C indicates the green and red 
fluorescence of JC-1 dye accumulated in the mitochondria of amoeba, 
respectively. Figures 3.5D-F show comparative images from that of 7-day starved 
amoeba Chaos where the inner mitochondrial membranes transform into cubic 
morphology. Figure 3.5G compares the ratio of fluorescence intensities of JC-1 
dye (red:green) and indicates that the ‘health’ of mitochondria with and without 
cubic morphology are not significantly different. Thus, mitochondrial health is 
possibly uncompromised by the re-organization of mitochondrial membranes to 
cubic morphology. 
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Figure 3.5Mitochondrial membrane potential represented by red:green fluorescence intensity ratio of JC-1 dye. (A) A represented 
image of a well-fed amoeba Chaos incubated with JC-1 dye under transmission light and its respective (B) green fluorescence image 
and (C) red fluorescence image. (D) Image depicts a 7-day starved amoeba Chaos treated with JC-1 dye under transmission light and 
its respective (E) green fluorescence image and (F) red fluorescence image. The red:green fluorescence intensity ratio is compared in 
(G). The fluorescence intensity was measured using ImageJ software (Burgess et al., 2010; Gavet and Pines, 2010; Potapova et al., 
2011). Bars = 250µm. Data are means (± S.D.) of five independent experiments. 
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3.2.5 Respiration in mitochondria with cubic morphology is carried out 
normally 
To further characterize CM in terms of mitochondrial function, the respiration 
capacity was tested. Firstly, the electron transport chain complexes I, II, III, IV 
and V of the mitochondria are stimulated and inhibited by exogenous chemicals 
accordingly to indicate their functionality. Secondly, endogenous substrate 
utilization and energy production of the mitochondria are validated. 
 
3.2.5.1 The respiration capacity of respiratory complexes in cubic 
mitochondria is not significantly compromised 
In order to characterize the mitochondrial respiratory function of amoeba Chaos 
with cubic mitochondria, there is a need to target mitochondria electron transport 
chain (ETC) complexes. As such, the cell membrane of the amoeba Chaos has to 
be permeabilized to allow lipid-insoluble chemicals to enter the cell and reach the 
mitochondria. Permeabilization of amoeba Chaos without affecting their cell 
viability was successful for the first time by using digitonin as described in 
Chapter two of this thesis.  
 
To identify whether mitochondria with cubic morphology alters the respiration of 
amoeba Chaos, the cells were starved for seven days and digitonin-permeabilized 
for respiratory assays. Amoeba with continual feeding that harbour mitochondria 
with normal morphology were used as a control.Rate of respiration was constant 
after keeping the amoeba incubated with digitonin for 30minutes at 25˚C.  
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Respiration was normalized to the rate of basal endogenous respiration (‘State 4’ 
respiration is indicated as a ‘Baseline’ of 100% in Figure 3.6) of the cells. Figure 
3.6 summarizes the effects of each inhibitor or substrate on the respiration rate of 
amoeba Chaos between each sample (refer to Chapter two for the targeted 
respiratory complex of each substrate and inhibitor).  The effect of substrates and 
inhibitors on ‘state 4’ respiration of both 7-day starved and fed amoeba Chaos is 
compared as a bar chart in Figure 3.6 where the addition of rotenone, succinate 
and potassium cyanide (KCN) and salicylhydroxamic acid (SHAM) in particular 
shows significant differences between the samples with p-value<0.05.  
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Figure 3.6 Graph representing respiration of amoeba Chaos (7-day starved vs. fed control) indicated by oxygen consumption rate. 
A number of substrates and inhibitors of the respiratory complexes, complex V and alternative oxidase (AOX) were added to 
characterize the 7-day starved and well-fed amoeba Chaos mitochondria altering the oxygen consumption rate. Oxygen consumption 
was normalized to the initial respiration (‘State 4’ respiration) as baseline (100%) in percentage. Oxygen consumption rate shown are 
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Besides, Figure 3.6also shows that generally, there is no significant difference in 
terms of mitochondrial respiration between both starved and fed samples when 
exogenous food substrates were added. Glutamate and malate (substrates for 
NADH dehydrogenase or complex I), Tetramethyl-p-phenylenediamine (TMPD) 
+ ascorbate (substrate for cytochrome c oxidase or complex IV) and ADP 
(substrate for ATP synthase or complex V) stimulated an increased the rate of 
respiration as expected. These results, shown in percentage, do not show any 
significant difference in the general increased rate of respiration of both amoeba 
Chaos samples. Succinate, on the other hand shows a significantly higher increase 
in oxygen uptake in 7-day starved amoeba Chaos. 
 
Similarly, subsequent addition of inhibitors: 2-thenoyltrifluoroacetone (TTFA), 
inhibitor of complexes II, Antimycin A, inhibitor of complex III (cytochrome c 
oxidoreductase) did not show significant difference on expected inhibitory effect 
on both samples (Figure 3.6). However, rotenone is shown to have significantly 
lower inhibitory effect on complex I of 7-day starved amoeba (that carries 
mitochondria with CMmorphology). In addition, KCN only shows significantly 
lower inhibition of complex IV with increased dose to 3mM in starved amoeba 
Chaos. SHAM inhibits alternative oxidase, a complex which replaces the function 
of electron transport when complex IV is inhibited. Result also indicates a 
significantly less inhibitory effect on starved amoeba Chaos. 
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3.2.5.2 Substrate utilization and energy production of cubic mitochondria is 
not significantly different from mitochondria with normal tubular 
morphology 
When amoeba Chaos were starved for seven days, there was an approximately 3-
fold decrease in the amount of NADH (2.28µM to 0.745 µM) within the cell 
(refer to appendix, Figure A1). However, the amount of NAD+ within the cell is 
not significantly different from that in the fed amoeba. Figure 3.7A shows the 
decrease of NADH/NAD+ ratio in 7-day starved amoeba Chaos (from 
approximately 5.8 to 1.9), illustrating the significant decrease in the amount of 
NADH substrate with starvation.  
 
With NADH playing a role as a substrate for mitochondrial respiration, the 
product of mitochondrial respiration with respect to ATP was also elucidated. The 
result is shown in terms of ATP/ADP ratio in Figure 3.7B. The ATP/ADP ratio in 
7-day starved amoeba Chaos is significantly lower (approximately 3.5-fold) 
compared to well-fed amoeba Chaos. 
 
This also indicates that the amount of ADP has relatively increased and ATP 
relatively reduced in amoeba Chaos after seven days of starvation. Alike NADH/ 
NAD+ ratio, ATP/ADP ratio also changes in a similar trend with the change in 
metabolism in cells during starvation. 
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Figure 3.7 Bar graphs depicting the effect of7-day starvation on 
NADH/NAD+ratio and ATP/ADP ratio in amoeba Chaos,in response to the 
change(s) in metabolism. (A) NADH/NAD+ratio isapproximately 3-fold lower in 
starved amoeba compared to control. (B) ATP/ADP ratio is approximately 3.5-
fold lower in starved amoeba compared to control. Data are means (± S.D.) of 
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3.3 Discussion 
In this chapter, the main objectives are to (i) characterize the already known CM 
further and (ii) to understand if the transformation of inner mitochondrial 
membrane morphology from tubular to cubic renders any change(s) to the 
function of mitochondria.  
 
Even though CM organizations are well-characterized for the past decade (Deng 
and Mieczkowski, 1998; Deng et al., 1999; Almsherqi et al., 2008), the surface 
impression of CM upon closure of these convoluted inner membrane network is 
shown for the first time (Figures 3.1D-F). Although the surface appearance (outer 
membrane of mitochondria in this case) of CM are observed to harbor uncanny 
invaginated exterior, further results validated that these membranes are indeed the 
outer membrane of the mitochondria and the outlook is in conjunction to that 
predicted by computer simulation (Figure 3.4). Notably, this simulation is derived 
from the same formula which had successfully identified and foretold the cross 
section membrane symmetry of CM from cells in many kingdoms of life (Deng 
and Mieczkowski, 1998; Almsherqi et al., 2009). Judging with the naked eye, it 
appears that ‘porous network’ might have formed on the surface of CM albeit it is 
unknown whether these networks connect to the cytosol from the subspaces 
demarcated by CM formation in the inner mitochondrial membranes. Indeed, even 
with computer simulation, at present, we are unable to validate such observations.  
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However, previous effort by Almsherqi et al. (2008) suggested that incubation of 
CM with short segments of ODNs enable their entry to the subspaces formed by 
CM morphological transformation. As such, although the evidence is modest - 
with unknown mechanism in this regard - data thus far encouraged further 
investigation.  
 
In order to study these observed ‘porous network’, the use of lanthanum was 
engaged in TEM study. As mentioned previously, lanthanum was first introduced 
as a stain for biomembranes (Doggenweiler and Frenk, 1965) and subsequently 
appreciated for delineating space, studying the continuity of organelles (Cohen, 
1968; Shaklai and Tassavoli, 1982) and as a tracer for studying membrane 
permeability (Matter et al., 1969; Hanrikson and Stucky, 1971; Neaves, 1973).  
 
The effect of pH, however, must be taken into account when using lanthanum as 
higher pH renders precipitation of lanthanum whereas lower pH renders 
lanthanum in ionic form which can permeate membranes. At optimal pH of 7.2 to 
8.5, lanthuanum exists as a colloidal form which is apt for studying membrane 
permeability. Taken into account this caveat, anappropriate investigation on the 
permeability of CM can be performed as lanthanum provides additional contrast 
on membranes and in spaces outside membrane barriers. In this regard, one of the 
similar works on T-tubules of skeletal muscles indicated the accumulation of 
lanthanum; filling their lumen.  
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In contrast to lanthanum in cytosolic spaces and on plasma membrane, lanthanum 
accumulated in the lumen typically appeared denser. This was speculated to be 
due to concentration of lanthanum in restricted spaces instead of dilution in large 
cytosolic volume (Waugh et al., 1973).  
 
In the same report, it was proposed that such observation might be attributed to 
freer access of lanthanum. Hence, this might reconcile lanthanum staining on the 
inner mitochondrial membranes where cubic morphology is observed instead of 
filling the subspaces created (Figure 3.4). In addition, denser staining by 
lanthanum allows better comprehension on continuity of CM in the mitochondria 
(Figure 3.4C).  
 
It might be argued that the observed staining of CM by lanthanum is fortuitous. 
Indeed, previous report demonstrated the uptake of lanthanum by mitochondria 
without cubic morphology in vitro (Piccinini et al., 1975).To recapitulate, besides 
working as a permeation tracer, lanthanum is able to displace calcium from their 
binding sites in cells where it binds more strongly (Kellemberger and Ryter, 
1964).However, I emphasize that differing from such experiments, CM are first 
fixed to preserve the morphology before treatment with lanthanum. Therefore, 
any invasion by lanthanum is strictly attributed to the presence of ‘porous network’ 
exposed to the milieu where lanthanum is added.  
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If the subspaces created by cubic transformation of the inner mitochondrial 
membranes truly communicate with the cytosol, it is intriguing to understand the 
purpose of such a phenomenon.It is tempting to surmise that such network 
facilitates the hydration of CM that is similar to that in cubic phase formation 
(Takahashi et al., 1996; Angelova et al., 2003; Tyler et al., 2011). 
 
Previous work in our laboratory has shown that a change of sucrose in isolation 
medium of CM by 2-fold did not alter the mitochondrial membranes integrity and 
the size of CM (manuscript submitted). This is surprising since increased 
osmolarity was thought to perhaps change the hydration state and result in 
shrinkage of the mitochondria, which, however, did not take place. This 
observation indicates that CM organizations presumably stabilize the hydration 
state consistent with observations in artificial cubic phases (Takahashi et al., 1996; 
Angelova et al., 2003; Tyler et al., 2011). In lipid-water systems, cubic phases can 
be formed with the appropriate type of phospholipids and/or diacylglycerols in 
full hydration (Takahashi et al., 1996; Angelova et al., 2003; Tyler et al., 2011).  
 
In mitochondria, however, hydration was proposed to be a resultant of lipid 
peroxidation on the mitochondria (Koyama et al., 1990). Permeation of 
biomembranes was speculated to be a subsequent event of lipid peroxidation 
where hydrophobic regions of the lipid bilayer is rendered more welcoming to 
water molecules due to the generation of polar groups on unsaturated acyl  chains 
of the phospholipids (Chien et al. 1979;Meerson et al., 1982).  
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Such events might cause dysregulated ion distribution between membranes and 
are in turn, detrimental to the mitochondrial functions (Meerson et al., 1982). 
Therefore, it is intriguing whether purported hydration of CM (if any) is 
associated with detrimental alteration(s) of mitochondrial function.  
 
Indeed, morphological changes of the mitochondria might be associated with 
pathophysiology (Campello and Scorrano, 2010). In pathological processes, 
apoptosis is usually one of the processes involving mitochondrial reshaping. 
During this event, the curvature of cristae in the mitochondria is inverted for the 
release of cytochrome c (Scorrano et al., 2002; Frezza et al., 2006; Yamaguchi et 
al., 2008). Another known deleterious morphological changeof the mitochondria 
involves fusion/fission processes where mitochondrial fragmentation occurs, 
leading to their autophagic removal via autophagosomes (Twig et al., 2008). 
 
Converse to possible pathophysiology, it is revealed that CM transformations in 
the mitochondria during starvation did not significantly alter the mitochondrial 
membrane potential (Figure 3.5) or the respiration capacity of these mitochondria 
(Figures 3.6 and 3.7).  
 
The main indicator of mitochondrial health is the red:green fluorescence ratio 
exhibited by JC-1 accumulation in the mitochondria. Figure 3.5 illustrates 
insignificant change in this ratio when amoeba are starved, suggesting no 
detrimental effect on the mitochondrial function implicated by CM 
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formation.Further characterization shown in Figure 3.6 reveals that functional 
capacities of each ETC complexes are generally similar in both amoebae with 
tubular and cubic inner mitochondrial membranes. Significant differences can be 
simply explained by normal physiological traits in amoeba Chaos. 
 
Succinate is a substrate for complex II of the ETC and it was the only substrate 
that induced a significant higher increase in respiration in starved amoeba cells. 
The reason for this difference might be due to endogenous substrate being utilized 
for respiration on top of the exogenous succinate administered. It was previously 
documented that starved amoeba Chaos might utilize fats for respiration (Holter 
and Zeuthen, 1948). This could be due to the cells returning to basal metabolism 
in the absence of food. During basal metabolism, fats are usually utilized for 
respiration (Lehninger, 1964). The fats with odd carbon chains metabolized 
through a series of metabolic processes and would finally form succinate which is 
the substrate for complex II (Hoch, 1971). This substrate, together with 
exogenous succinate would account for the higher respiration when complex II is 
stimulated. 
 
Similarly, it is emphasized that although there is a significant difference in 
inhibition by certain inhibitors in both samples, the significance shown in Figure 
3.6 is not sufficient to conclude that the bioenergetics of the amoeba Chaos is 
altered significantly. These significant differences are probably not due to CM 
formation and the possible reasons for the differences are further discussed. 
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Result reveals that rotenone inhibits respiration more significantly in fed than 
starved amoeba cells. This can be explained by the higher concentration of 
NADH as shown in Figure 3.7A. NADH is the substrate for complex I and 
rotenone is the inhibitor (Watabe and Nakaki, 2008). Since there are already more 
endogenous NADH present, complex I of the mitochondria in fed cells might be 
more sensitive. As such the use of rotenone could have inhibited the respiration in 
fed cells more significantly.  
 
KCN inhibits respiration via complex IV as shown in Figure 3.6. This inhibition 
was significantly lower in starved amoeba Chaos only when KCN concentration 
was increased from 3µM to 3mM. Truly, it was reported that amoeba Chaos’ 
sensitivity to cyanide is reduced as they are starved (especially of carbohydrates) 
albeit the exact mechanism is to date unknown (Pace and Kimura, 1946). This 
reduced sensitivity of respiration to cyanide could have resulted in the 
significantly lower inhibition of respiration in starved amoeba Chaos. 
 
Besides the usual respiratory complexes, amoeba Chaos carries an alternative 
oxidase (AOX) complex (Deng et al., 2002) that is also involved in electron 
transport in the mitochondria. Alternative oxidase is a complex which carries 
electrons from complex I and passes it to a molecule of oxygen, evolving water 
(Vanlerberghe and McIntosh, 1997). This process pumps fewer protons than the 
usual respiration pathway where electrons move from complex I and II to 
complex III then IV.  
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AOX only translocates protons at complex I (Nicholls and Ferguson, 2002). As 
mentioned, the protons are utilized by complex V to synthesize ATP; fewer 
protons would mean less ATP produced. In addition, AOX takes over the role of 
electron transport when complex IV is inhibited (Vanlerberghe and McIntosh, 
1997).Thus, it is clear that AOX provides an alternative pathway for transport of 
electrons but does not substitute the role of complex IV completely. This ensures 
that respiration can carry on despite fewer ATP produced via this pathway 
(Vanlerberghe and McIntosh, 1997). Clearly, higher inhibition of complex IV in 
fed amoeba Chaos, which is indicated as inhibited respiration in Figure 3.6, might 
suggest greater activation of AOX (Vanlerberghe and McIntosh, 1997). Therefore, 
it is possible that the inhibitor of AOX (SHAM) inhibits respiration more 
significantly in fed cells since AOX could be more active. 
 
Although there are minor significant difference in the inhibition and induction of 
respiration in both starved and fed amoeba cells, these differences are accounted 
with known mechanisms that relates to starvation rather than CM. Thus, it shows 
that starvation-induced CM within the inner mitochondrial membranes would not 
alter the bioenergetics function of mitochondria significantly. This observation is 
further supported by substrate utilization and energy production in mitochondria 
with cubic morphology. 
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NADH are substrates utilized in respiration, the donation of electrons from 
NADH to the respiratory chain would subsequently induce the phosphorylation of 
ADP to ATP via F1Fo ATP synthase (complex V). Therefore, ATP serves as the 
‘packet’ of energy and the end product of respiration (Lew and Rout, 2009). 
Figure 3.7A indicates a lower NADH/NAD+ ratio in starved amoeba Chaos 
compared to well-fed amoeba. Unsurprisingly, ATP/ADP ratio changes from fed 
to starved amoeba Chaos (Figure 3.7B) is seemingly synchronized to that in 
NADH/NAD+ ratio. Simply, with no exogenous food substrates administered to 
the starved amoeba Chaos, the substrates to drive mitochondrial respiration 
wouldindefinitely decrease (Zara and Gnoni, 1995). As such, the product of 
respiration, ATP decreases accordingly (Figure 3.7B). It is therefore believed that 
the functional capacity of the mitochondria is generally unaltered by starvation-
induced cubic transformation in the inner mitochondrial membranes. 
 
In fact, besides my reported CM transformation, mitochondrial inner membranes 
remodeling is not uncommon in normal physiological processes. An example of 
membrane dynamics was demonstrated by mitochondria becoming relatively 
more ‘condensed’ during respiration and this was accompanied by the expansion 
ofcristae space (Hackenbrock, 1966). Also, supramolecular organization of 
respiratory complexes on the inner mitochondrial membranes/cristae is often 
observed where ATP synthase dimerize for greater ATPase activity (Campenella 
et al., 2008; Gomes et al., 2011). Interestingly, dimerization of ATPase correlates 
to changes in the cristae shape.  
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This is supported by the fact that cristae in mutant yeast are disorganized as their 
ATPase cannot form dimers (Paumard et al., 2002; Minauro-Sanmiguel et al., 
Strauss et al., 2008). Additionally, during autophagy, cristae density is increased 
in mammalian cell which promotes ATPase dimerization (Gomes et al., 2011). In 
this light, further investigation in ATPase activity of cubic mitochondria will be 
further discussed in subsequent chapters of this thesis. 
 
Indeed, my data thus far do not show significant perturbations of CM to 
mitochondrial function which suggest that the cubic transformation might serve 
other physiological purpose(s).Results gathered from characterizing the 
morphology of CM in this research does not only uncovered novel and new 
knowledge in understanding CM ultrastructure, they might also imply a possible 
structure-function relationship that relates to the results in the subsequent chapters 
of this thesis (to-be-discussed in Chapter five).  
 
At this point, a few questionsneed to be answered: (i) What enables such 
mitochondria to reorganize their membranes under starvation stimulation? (ii) 
What role does such CM formation play in times of starvation within amoeba 
Chaos?  The observation of CM invariably leads us to the question of how CM 
forms, as well as the association between the formation of CM and its 
physiological function. In the following chapters of this thesis, some parts of these 
mysteries will be unravelled with distinct evidence. 
 












ESSENTIAL LIPIDS FROM PARAMECIUM MULTIMICRONUCLEATUM 
ENDOW AMOEBA CHAOS MITOCHONDRIA WITH THE ABILITY TO 
FORM CUBIC MEMBRANES, IN TURN ENHANCING CELL 
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4.1 Introduction 
At present, biomembranes morphologies are widely proposed to be governed by 
proteins and lipids polymorphism (Mcmahon et al., 2005; Baumgart et al., 2011). 
In fact, reshaping of cellular membranes is not uncommon. ER and mitochondria 
are examples of membrane-bound organelles that are well-reported with 
morphological changes in both physiology and pathology and are mainly reported 
to be associated with changes in protein profile or proteins interactions(Franke 
and Scheer, 1971; Schaff et al., 1976; Grimley and Schaff, 1976; Linder and 
Staehelin, 1980; Pathak et al., 1986; Wolf and Motzko, 1995; Yamamoto et al., 
1996; Snapp et al., 2003; Kalt, 1974; Foelix et al., 1987; Deng et al., 1999; 
Almsherqi et al., 2012). 
 
Cellular membranestypically comprise of proteins with specialized functionswith 
lipids as the basic building blocks. Indeed, cellular membranes are composed of a 
significantly higher proportion of lipids to proteins. By closely controlling the 
lipid composition, cells can determine the characteristics of different membrane 
bilayers. For instance, the consequent alteration of the physical properties of the 
bilayer might cause distortion of the biomembranes (Sprong et al., 2001). 
 
On the other hand, lipids in their unperturbed state provide mechanical stability 
and allow membrane proteins to fit snugly into them, warranting flexibility of the 
membrane for physiological functions such as membrane fusion and vesicle 
budding.  
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Furthermore, lipids have a strong inclination towards forming closed structures 
and this property, together with the above-mentioned ones is well-understood in 
vitro with PC as a represented example (Sprong et al., 2001). Indeed, to 
understand the biological functions of lipids, gaining insight into their physical 
properties is one of the key ideas. In fact, majority of research on lipids in biology 
are inferred from that of in vitro studies on lipid mixtures. This is similar in the 
investigation of CM where they share a nearanalogous geometry to pure lipid 
cubic phases formed in vitro (Almsherqi et al., 2009). 
 
However, cubic phase and CM differs in terms of water activity and unit cell size 
(Almsherqi et al., 2009). The former was postulated to govern the topology of CM 
(Bouligand, 1990), which was later challenged on the authenticity (Almsherqi et 
al., 2009). The latter, was surmised be attributed to the role of membrane proteins 
in CM (see review by Almsherqi et al., 2008). 
 
Despite cubic phases giving leads to the characterization of CM, the 
aforementioned controversial theories suggest a need to study the role of lipids 
directly on CM formation. Notably, even though the roles of proteins in CM 
formation are well-reported, the involvement of lipids in this facet is not well-
understood. Presently, Deng et al. (2009) demonstrated the importance of DPA in 
CM formation. However, it is believed that DPA is only one of the main 
components required in this membrane reorganization. Hence, in this chapter, the 
importance of lipids in CM formation will be further explored. 
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4.2 Results 
In this study, CM is induced by cell starvation. As mentioned in Chapter three, 
starvation-induced CM transition of mitochondria with does not alter the 
respiratory capacity of the organelle (Figures 3.5, 3.6 and 3.7). However, due to 
the effect of starvation, comparative biochemical studies on CM are difficult. In 
other words, a good control that discounts the ‘starvation’ variable is necessary. 
Interestingly, when the food of amoeba Chaos is switched from Paramecium 
multimicronucleatum to Tetrahymena pyriformis, CM ceased to form during 
starvation. In an effort to understand the effect of CM on physiology of amoeba 
Chaos, this serendipitous observation - that will be validated later in this chapter - 
endowed my research with a good control for subsequent studies. Here, amoeba 
Chaos with and without CM (control) induction during starvation will be referred 
to as amoeba (Para) and amoeba (Tetra), respectively. 
 
 
4.2.1 Mitochondrial membranes in amoeba Chaos lose the ability to 
transform into cubic morphology when their food is replaced with 
Tetrahymena  
The first line of investigation in relation to this chapter is to monitor the 
mitochondrial membranes morphological change(s) during starvation (via food 
withdrawal), comparing amoeba Chaosmass culture with Paramecium or 
Tetrahymena as food. 
  




Figure 4.1 Representative TEM micrographs of mitochondria in amoeba Chaos (Para vs. Tetra) under starvation. Left panel (A-
E)represents mitochondrial membranes transformation to cubic morphology in amoeba Chaos (Para) on days 1st, 3rd, 5th, 7th, 21st days 
of starvation, respectively. Right panel (F-J) represents mitochondria with normal tubular morphology and seeming degradation in 
amoeba Chaos (Tetra) on days 1st, 3rd, 5th, 7th, 18th day of starvation, respectively. Bars = 0.2µm.Three independent experiments were 
performed. 
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Mitochondria with CM were reported in amoeba (Para) during starvation (Deng 
et al., 1999). CM are probably best characterized in the mitochondria of starved 
amoeba (Para). Using electron microscopy, we observed a gradual transformation 
of the mitochondrial membrane morphology in amoeba Chaos within a starvation 
period of 21 days (Figure 4.1).  
 
As indicated in Figure 4.1, mitochondria in amoeba (Para) shows striking 
reorganization of mitochondrial inner membranes; the inner mitochondrial 
membranes in amoeba (Para) transform into cubic morphology from one day of 
starvation (Figure 4.1A) and CM become more prominent as starvation continue 
up to 21 days (Figures 4.1A-E). Differing from amoeba (Para), the mitochondria 
in amoeba lose the ability to reorganize into cubic morphology upon starvation if 
they are pre-fed with another ciliate (Tetrahymena) as shown in Figure 4.1F to 
4.1J. Additionally, degradation of the mitochondria, probably through autophagy, 
seems imminent in amoeba (Tetra) after 5 days of starvation (probably attributed 
to fission/ autophagy) (Figures 4.1F-J).  
 
4.2.2 Amoeba Chaos with cubic membranes has a relatively lower mortality 
rate during starvation  
Incidentally, the observed degradation of mitochondria is associated with 
mortality of amoeba Chaos. Under long term food withdrawal condition, the 
mortality rate of amoeba (Para) appears to be lower than that in amoeba (Tetra) 
over 21 days of starvation (Figure 4.2). 
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Intriguingly, the number of amoeba (Para) remained at approximately 70% even 
after 14 days of starvation. In contrast, the number of amoeba (Tetra) decreased 
by more than 50% after seven days of starvation. In fact, the percentage of the 
latter that survived after 21 days of starvation holds strong at approximately 40% 
whilst amoeba (Tetra) survival declined to 4% after starvation for 18 days (Fig. 
4.2).  
 
It is emphasized that, in relation to Figure 4.1, starvation does not induce CM 
formation in the mitochondria of amoeba (Tetra). As such, even though at this 
point in time, quantification of the degradation rate of mitochondria is not 
validated, mitochondria with CM morphology appear to be associated with better 
survival during starvation. 
 
Presently, we understand that amoebae cultured with Paramecium are able to 
survive better under adverse condition where there is a lack of food supply and 
the mitochondrial inner membranes in these amoebae transform into remarkable 
CM that persist during starvation. On the other hand, a change of food supply 
from Paramecium to Tetrahymena renders the loss in CM transformation ability 
in the mitochondria and this is accompanied by a higher mortality rate during 
starvation. 
 
- 110 - 
 
 
Figure 4.2 Comparison of the survival rate of amoeba (Para) vs. amoeba 
Chaos (Tetra) during starvation. Both types of cultures were starved up to 21 days 
and the percentage of cells that survived (normalized against day 0) is noted at 7-
day interval. Data are means (± S.D.) of four independent experiments with * P< 
0.05. 
 
Therefore, the above data suggest the possibility of nutrition (from Paramecium) 
being the determining factor of mitochondrial membrane morphological change 
during starvation and this might be related to improved survivability of 
amoebaChaos. In this regard, it was previously reported that DPA is one of the 
important element in CM transformation (Deng et al., 2010). Hence, it is 
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4.2.3 Feeding Chaos with extracted lipids from Paramecium induced cubic 
membranes formation 
Deng et al. (2009) administered unsaturated fatty acids, specificallyomega-6 DPA 
in excess to well-fed amoebaChaos (Para) and were able to induce CM without 
starvation stimulation. In this thesis, extracted lipids from Paramecium were fed 
to amoeba (Tetra) in the same manner. It is emphasized that opposing to amoeba 
(Para); CM is not inducible by starvation in amoeba (Tetra). Amoeba (Tetra) 
serves as a better control as it rules out the possibility of accidental CM induction 
by starvation. Also, more resounding effects of DPA and lipids from Paramecium 
on the potential of CM transformation can be observed. 
 
Parameciumlipids-treated amoeba (Tetra) were observed under TEM. Strikingly, 
the mitochondrial membranes of amoeba (Tetra) transform into CM (Figure 4.3A). 
In order to validate whether DPA is already sufficient for such transformation in 
amoeba (Tetra), they were also treated with DPA for comparative study. 
Contrastingly, DPA-treated amoeba (Tetra) (Figure4.3B) rendered morphological 
changes in the mitochondrial membranes but the cubic morphology is less 
prominent than that inParamecium lipids-treated amoeba (Tetra). 
 




Figure 4.3 TEM micrographs of amoeba Chaos (Tetra) fed with extracted 
lipids from Paramecium and DPA. (A) Amoeba Chaos fed with 100µg/ml of 
extracted lipids from Paramecium and (B) 100 µM of DPA. Bars = 0.2µm. Three 
independent experiments were performed. 
 
4.2.4 Amoeba Chaos with induced cubic mitochondria show improved 
survivability during short term starvation 
Next, the mortality rate of Paramecium lipids and DPA-fed amoeba (Tetra) 
during starvation is tested. Amoeba (Tetra) were fed with Paramecium lipids for a 
period of five days before starving them up to 21 days. Their survival was 
compared to amoeba (Para) and DPA-fed amoeba (Tetra) as shown in Figure 4.4.  
 
Interestingly, amoeba (Tetra) pre-fed with excess Paramecium lipids survived 
better during starvation but only up to 14 days. During this period, their survival 
is seemingly comparable to that of amoeba (Para) with no significant difference 
statistically. However, their survival rate dropped drastically after 14 days of 
starvation. The death rate is similar to amoeba (Tetra) but higher when compared 
to amoeba (Para).  
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This might be due to the loss of specific nutrients from Paramecium lipids that 
may also contribute to CM formation. Also, long term feeding with Paramecium 
might have conditioned the amoeba to better combat against adverse 
environmental stress compared to short term feeding with lipids extracted from 
Paramecium. 
 
In an attempt to confirm whether DPA alone is sufficient in enhancing amoeba’s 
survival rate during starvation, amoeba (Tetra) were fed with with DPA and 
Paramecium lipids separately and compared their survival rate (Figure4.4). 
Results show that Paramecium lipids-fed amoebae appear to survive better than 
DPA-fed amoebae. This indicates that perhaps other elements within the lipids 
might also be important for relatively healthier amoeba. This observation might 
have a close relationship with CM formation (to-be-discussed in Chapter five). 
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Figure 4.4 Comparison of the survival rate of amoeba Chaos (Para) vs. amoeba Chaos (Tetra) during starvation. Mainly, the 
survival rate of amoeba (Tetra) under Paramecium lipids and DPA treatment are compared with negative control; amoeba (Tetra). 
Survival rate of amoeba (Para) and amoeba (Para) with DPA treatment act as controls. Data are means (± S.D.) of three independent 
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4.2.5 Paramecium lipids carry higher amounts of plasmalogens compared 
to Tetrahymena 
Since the full crude lipid extract from Paramecium are able to induce CM in 
amoeba (Tetra) and improve their survivability during starvation, the differences 
in lipid content between the two types of food for amoeba Chaos, namely 
Paramecium multimicronucleatum and Tetrahymena pyriformis might reveal the 
key nutrients (lipids) that aid amoeba in their enhanced survivability.Notably, it 
was previously reported that a higher amount of plasmalogens were found in 
amoeba Chaos with CM (Deng et al., 2010). Plasmalogens were proposed to be 
involved in membrane fusionand non-lamellar hexagonal phase transition (Han 
and Gross, 1990; 1991; Lohner et al., 1991) which might be relevant to CM 
formation. A quantitative lipid profile using LC was performed in this respect. 
 
 
Figure 4.5 Bar graph representing lysolipids (lysoPC) levels compared 
between Paramecium and Tetrahymena.Data are means (± S.D.) of three 
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Figure 4.6 Bar graph representing PC and plasmalogen PC levels compared between Paramecium and Tetrahymena.pPC 
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Figure 4.7 Bar graph representing lysolipids (lysoPE) and plasmalogen PE 
levels compared between Paramecium and Tetrahymena.Data are means (± S.D.) 
of three independent experiments with * P< 0.05. 
 
 
Figure 4.5 and Figure 4.6 represents the differences in lysolipids in Paramecium 
and Tetrahymena. Lysolipids are natural products formed by the hydrolysis of 
phospholipids (Jonas et al., 2010).Majority of thelysoPC elucidated do not seem 
to be significantly different between Paramecium and Tetrahymena (Figure 4.5). 
However, Figure 4.6 shows a large number of PC and plasmalogen PC (pPC) that 
are significantly more abundant in Paramecium. However, some of the PC and 
pPC are in such contrastingly higher abundance that their presence might be 
paramount over the rest. Of note are PC 34:4 (where 34 represents the number of 
carbons and 4 represent the number of double bonds), PC (C34:0), PC (C36:2), 
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On the other hand, Figure 4.7 shows a few lyso-phosphatidylethanolamine 
(lysoPE) eluted, namely lysoPE (C16:0p) (where p represents the presence of 
plasmenyl group), lysoPE(C16:0), lysoPE (C18:1p), lysoPE (C18:0p), lysoPE 
(C18:3), lysoPE (C18:2) and lysoPE (C18:1) that are significantly higher in 
Paramecium. Apparently, lysoPE (C16:0), lysoPE (C18:3), lysoPE (C18:2) and 
lysoPE (C18:1) are more abundant than the rest of the lysoPE revealed here. 
 
Of note are lysoPE species (C16:0p), (C18:1p) and (C18:0p) which are plasmenyl 
lipids of PE (or plasmalogen-PE). Although they are present in low amounts in 
both Paramecium and Tetrahymena, the relatively higher amounts in Paramecium 
are statistically different (p-value <0.05). Whether pPC or pPE hold importance as 
nutrients supplied to amoeba Chaos, endowing them with the ability to form CM 
will be further investigated. 
 
 
4.2.6  Synthesized plasmalogens are able to curve artificial lipids in lamellar 
phase 
In terms of plasmalogen, Deng et al. (2009) reported significant increase of the 
most abundant lipid species, pPC (C16:0p/C22:5) and a significant increase in 
C22:5-containing PI in amoeba Chaos (Para) under starvation where CM were 
induced. Major plasmalogen PE species (C16:0p/C22:5), however, did not show 
significant changes. Despite this observation, it was concluded that CM formation 
is attributed to DPA that contains C22:5 fatty acid chains. Nevertheless, the 
significant changes in plasmalogen levels reported in Chaos (Deng et al., 2010) 
- 119 - 
 
might address the issue of DPA’s inferiority in CM transformation and improved 
cell survivability triggered by Paramecium lipid extract (Figure 4.3 and 4.4). 
 
Previous data shown (Figures 4.5, 4.6 and 4.7) indicate differences in 
plasmalogen levels in the different food of amoeba Chaos(higher pPC in 
relatively high abundance and pPE in low abundance in Paramecium). pPC 
elucidated that are higher in Paramecium are consistent with that in Paramecium-
fed amoeba Chaos under starvation condition reported (increased pPC) (Deng et 
al., 2010). Thus far, it is unknown whether CM formation is attributed to the 
incorporation of C22:5 fatty acid chains alone which are present on DPA or that 
plasmalogens also play a role in this membrane structural transformation. 
 
In this light, three major lipids were synthesized. pPC, pPE and diacyl PI were 
synthesized with modification; one or two C22:5 fatty acids chains are added to 
each of the lipids (Figure 4.8). Since it is uncertain which types of plasmalogen 
might contribute the CM formation in Chaos, these lipids were synthesized with 
the aim of understanding the effects of plasmalogen types on non-lamellar phase 
transition. C22:5 unsaturated fatty acids was added to the synthesized lipid as 
previous work using plasmalogen (C18:0/C22:6) only promoted multilayer 
lamellar lipids, indicating the importance of omega-6 C22:5 fatty acids chains in 
CM formation (unpublished data). Therefore, it is interesting to understand if 
plasmalogen and C22:5 fattyacids chains together are sufficient to promote CM in 
vitro. 
- 120 - 
 
 
Figure 4.8 Chemical structures of three synthesized lipids, namely plamalogen 
PC, plasmalogen PE and diacyl PI with unsaturated fatty acid chains C22:5n-6. 
 
 
Firstly, a control lamellar phase lipids are constructed in vitro using DOPC and 
DOPE. The mixtures of DOPC and DOPE are used as they mimic the lipid 
components in mitochondrial membranes; lamellar PC and non-lamellar PE lipids 
are the major membrane components of the mitochondrial membranes 
(Rostovtseva and Kazemi 2006). It is emphasized that CM is formed in the 
mitochondrial inner membranes of amoeba Chaos in this study.As indicated in 
Figure 4.9A, vesicular shaped lamellar lipids are formed by the mixture of 
DOPC/DOPE.  
- 121 - 
 
Incorporation of diacyl PI (C22:5/C22:5) to DOPC/DOPE rendered coalescing of 
the lipids (Figure 4.9B), suggesting that C22:5 unsaturated fatty acids chains 
alone are not able to induce cubic phase transition. In contrast, plasmalogen PC 
(C16:0/C22:5)triggered significant changes on the lamellar liposomes 
(DOPC/DOPE) that, from the TEM micrograph alone, is difficult to accurately 
describe the transformed morphology of the lipids mixture (Figure 4.9C). 
Whereas the morphological change is evidently convoluted, it is not highly-
ordered phase structures like hexagonal and cubic phase.Figure 4.9D illustrates 
morphological changes in the lamellar phase liposomes (DOPC/DOPE) when 
plasmalogen PE (C16:0/C22:5)are added. The outcome shows significant 
different to that affected by PI (C22:5/C22:5) and plasmalogen PC (C16:0/C22:5) 
and appears uncanny. The lipid membranes seem to be thinner and overlapping 
each other but yet again, do not induce cubic phase in vitro. 
 
The next attempt led to the mixture of all three synthesized lipids (Figure 4.8) 
with DOPC/DOPE. Interestingly, the mixture led to the lipids coalescing with 
significant curvatures (Figure 4.9E) that are virtually similar to that observed in 
SEM micrograph of a mitochondrion with cubic morphology (Figure 3.1F) in 
terms of size and peripheral curvature. However, it is noteworthy that cubic 
phases formed in pure lipid systems do not appear this way (Yaghmur et al., 2008; 
2011).Since the effect of all three lipids in combination did not induce cubic 
phase transition in lamellar liposomes formed by DOPC/DOPE, the liposomal 
construction using only three synthesized lipids was examined (Figure 4.9F). 
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Intriguingly, even though they do not form cubic phase, they form liposomes that 
appear to be smaller versions of that in Figure 4.9E. 
 
 
Figure 4.9 TEM micrographs of lipsosomes of lamellar phase lipids and/or 
plasmalogens. (A) Liposome construct (control) with a mix of synthetic lipids; 
DOPC and DOPE that forms lamellar lipid phase. (B) Liposome construct with 
DOPC and DOPE and diacyl PI with two C22:5 fatty acid chains. (C) Liposome 
construct with DOPC and DOPE and plasmalogen PC with one C22:5 fatty acid 
chain. (D) Liposome construct with DOPC and DOPE and plasmalogen PE with 
one C22:5 fatty acid chain. (E) Liposome construct with DOPC and DOPE and 
diacyl PI, plasmalogen PC and plasmalogen PE. (F) Mixture of diacyl PI, 
plasmalogen PC and plasmalogen PE. Bars = 0.2µm.Three independent 
experiments were performed. 
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4.2.7 Differential proteins in mitochondria with cubic morphology might 
associate with cubic membranes formation 
It is shown that synthesized plasmalogens (Figure 4.7) are only able to curve 
lamellar lipids to a certain extent. Nonetheless, their inefficacy to completely 
induce CM in vitro led to the notion that perhaps other lipids and proteins are 
required to work in concert to achieve such remarkable membrane transformation.  
 
Indeed, MS analyses coupled with isobaric tag for relative and absolute 
quantitation (iTRAQ) revealed a few downregulated (see appendix, Table A1) 
andupregulated proteins in the isolated mitochondria with cubic morphology 
which are surmised to be associated with CM formation (Table 4.1).Mitochondria 
without cubic morphology isolated from amoeba (Tetra) are used as control in 
this study. Table 4.1 summarizes upregulated proteins that are not exceptionally 
mitochondrial proteins. Mitochondrial matrix proteins, putative propionyl-CoA 
carboxylase beta chain (Kalousek et al., 1980)and malate dehydrogenase (Musrati 
et al., 1998)are overexpressed by approximately 2-fold and 1.59-fold, 
respectively. In addition, ATP synthase subunits beta and alpha are mitochondrial 
inner membrane proteins and are both upregulated by approximately 1.5-fold. 
Heme oxygenase 1 that is reported to localize unexclusively to the mitochondria 
(Lin et al., 2007; Slebos et al., 2007; Kassovska-Bratinova et al., 2007; Gottlieb et 
al., 2012) is also overexpressed by approximately 1.34-foldin the mitochondria 
with cubic morphology. 
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Intriguingly, proteins that are not mitochondrial-specific are also observed to 
increase during CM formation. For instance, major vault protein (upregulated by 
2-fold) is a nucleo-cytoplasmic transport protein that mediates drug resistance 
(Scheffer et al., 1995). Other overexpressed proteins include Ras-related proteins 
Rap-1A and Rap-9B that are increased by 1.77- and 1.4-fold, respectively and are 
related to small GTPase (RAP) that counteracts mitogenic function of RAS 
(Rousseau-Merck et al., 1990). 
 
Table 4.1 Upregulated proteins in mitochondria with cubic morphology, isolated 
from starved amoeba Chaos (Para), elucidated using iTRAQ analysis. Data are 
tabulated from three independent experiments with *P < 0.05. 
 
Accession 








P54541 Putative propionyl-CoA carboxylase beta 
chain  
BACSU 2 2.05 0.037 
Q8F4A2 Malate dehydrogenase  LEPIN 4 1.59 0.043 
Q6MGM7 ATP synthase subunit beta  BDEBA 7 1.62 0.028 
B8DYT2 ATP synthase subunit 
alpha  DICTD 4 1.46 0.003 
Q5E9F2 Heme oxygenase 1  BOVIN 0 1.34 0.015 
Q9DGM7 Major vault protein (Fragment)  ICTPU 4 2.04 0.022 
P62836 Ras-related protein Rap-1A  RAT 3 1.77 0.003 
Q9NP90 Ras-related protein Rab-9B  HUMAN 2 1.40 0.006 
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4.3 Discussion 
It has been well-studied that nutrition might play a large part in cell survivaland 
various scientific reports provided evidence tosupport this fact (Messing et al., 
1999; Chertow et al., 2000; Alberino et al., 2001). Interestingly, some recent 
articles registered the importance of lipids to the survival of cells. 
 
Steinberg and Grinstein (2008) reviewed that lipids has a key role in signals 
generation and transduction, alteration of the cytoskeleton and leading 
fission/fusion activities that delineates phagosome formation in innate immune 
responses. More recently, Hang et al. (2012) demonstrated that lipid supplement 
is able to enhance PI3K and MAPK signaling and that liver cell culture in vitro 
can be sustained with free fatty acids. Another recent report proposed that 1-
oleoyl- and 1-palmitoyl-Lysophosphatidic acidsand other lysophospholipids with 
lauric oroleic acid also triggered survival effects in ovarian cancer cell (Kuwata et 
al., 2013). On the other hand, it was shown in a separate article that cell viability 
is sustained during nutrient deprivation by triggering the genesis of lipid droplets 
and subsequently mobilizing them for β-oxidation of fatty acids, leading to energy 
production steps in the mitochondria (Cabodevilla et al., 2013).  
 
Indeed, specific lipid species hold important and specific roles in cellular 
physiological processes which in one way or another, are linked to cell survival.  
 
- 126 - 
 
Alike health supplements that are supposed to be associated with the 
improvement of health in human and animals, in this thesis, some essential lipids 
are demonstrated to correlate with lowered mortality rate in amoeba Chaos. This 
observation is most likely to correlate with CM formation (Figures 4.3 and 4.4).  
 
Lipids from Paramecium are termed “essential lipids” for amoeba Chaos for it is 
believed that Chaosmight be unable to synthesize some of the lipid species or 
synthesize them in surplus to promote CM transition of the mitochondrial inner 
membranes. The loss of ability to form CM during starvation when amoeba 
Chaos food supply is switched from Paramecium to Tetrahymenaconfirmed this 
speculation (Figure 4.1). Additional evidence to support this hypothesis is the 
recovery of the ability of CM formation in amoeba (Tetra) when they are fed with 
exogenous nutrients; Paramecium lipids in surplus (Figure 4.3). 
 
Remarkably, starvation-, DPA- and Paramecium lipids-induced CM formation are 
all associated with improved survivability of amoeba Chaoscells in response to 
starvation stress (Figures 4.2 and 4.4). Besides showing that the degree of CM 
formation might be crucial to improve survivability in amoeba during starvation, 
these data suggest that nutrition plays a pivotal role in CM formation that in turn 
lowersamoeba’s mortality rate. Indeed, the importance of lipid supplements in 
cellular survival reported in literature (Steinberg and Grinstein, 2008; Hang et al., 
2012; Kuwata et al., 2013) corresponds to that in lower level eukaryote, amoeba 
Chaos. 
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Further analysis on lipids from Paramecium, comparing with lipids from 
Tetrahymena which do not induce CM revealed the presence of differentially 
expressed plasmalogen which might be one of the essential lipids for CM 
formation. In particular, the amount of pPC and pPE was found to be significantly 
higher in Paramecium than in Tetrahymena. Besides, lysoPE (C16:0) and 
(C18:3), (C18:2), (C18:1) and certain PC are also observed to be present in higher 
amounts in Paramecium. 
 
Although lysolipids are inclined to form spontaneous positive curvature due to the 
presence of one alkyl chain (instead of two) at the tail region, their structural role 
in phospholipid bilayer membrane is not well-perceived (Boal, 2002). 
Furthermore, lysolipids might form through sample degradation in LC analysis 
instead of reflecting what was originally in the cellular lipids. Further 
investigation is required to validate this. 
 
PC, on the other hand, is a well-known phospholipid that is ubiquitous in every 
cell and is common to the outer leaflet of cell membranes. In terms of structural 
properties, PC is a zwitterionic lipid that favors lamellar phase in vitro (Mashaqhi 
et al., 2012). Although in terms of CM formation, PC might not have a direct 
effective role, they are used as supplements and speculated to be involved in 
slowing down aging related processes (Hung et al., 2001).  
 
- 128 - 
 
Plasmalogen is the main lipid of interest in this work, mainly due to the fact that 
some plasmalogen lipids are abundant and upregulated in amoeba Chaos when 
CMwere observed (Deng et al., 2010). Moreover, even though defined 
physiological role of plasmalogen is not well-understood to date, many surrogate 
data and theories succinctly show plasmalogen’s involvement in membrane fusion 
and membrane phase transition (to higher-ordered morphology e.g. hexagonal 
phase) (Han and Gross, 1990; 1991; Lohner et al., 1991). Plasmalogens are ether 
phospholipids with a vinyl ether linkage and they can influence membrane 
fluidity. As such, plasmalogens are hypothesized to play a vital role in membrane 
dynamics regulation (Glaser and Gross, 1995; Hermetter et al., 1989; see review: 
Braverman and Moser, 2012). 
 
Higher amounts of pPC and pPE found in the food supplement (Figure 4.6 and 4.7) 
of amoeba Chaos (Para) might therefore suggest an important role in membrane 
shaping and in this case, CM transition of the mitochondrial inner membranes of 
Chaos. In an effort to validate the potency of plasmalogens on membrane 
reshaping, in vitro test using synthesized plasmalogens with C22:5 (omega-6) 
fatty acids chains were utilized and incorporated to lamellar phase lipids formed 
using DOPC/DOPE. C22:5 is incorporated with plasmalogen as plasmalogen with 
different polyunsaturated fatty acids (PUFA) chains was preliminary shown to be 
incapable of inducing lipid phase transition (unpublished data). Furthermore, 
C22:5 (omega-6) fatty acids chain was deemed important for CM formation 
(Deng et al., 2010). 
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Plasmalogens with C22:5 effectively curved the lamellar phase lipids whilst PI 
with C22:5 induced coalescing of lipids formed by DOPC/DOPE (Figure 4.9). 
The outcome did not show cubic phase lipids. However, it is arguable that 
although DOPC/DOPE mimics the major lipids of mitochondrial membranes, 
their innate morphology is lamellar whilst CM formation in vivo suggests 
transition from tubular to cubic morphology (Deng et al., 1999; 2009). Therefore, 
it is for the least conclusive that plasmalogen and C22:5 fatty acids chain have a 
role in lipid phase transition.  
 
DPA that carries C22:5 fatty acids chains were demonstrated to induce CM in 
amoeba Chaos (Para) (Deng et al., 2010). However, using synthesized lipids 
carrying C22:5 fatty acids chains coupled to plasmalogens did not induce cubic 
phase lipids in vitro. With respect to this, it is possible that proteins in amoeba 
Chaos necessitate the transformation of mitochondrial membranes to cubic 
morphology. 
 
Indeed, CM, as discussed (Chapter one), are often associated with upregulated 
proteins that interacts with the biomembranes. Although feeding amoeba with 
lipids trigger their mitochondrial membranes to reorganize into CM, the eluted 
lipid plasmalogen species that are purported to induce CM formation did not fully 
display such a property in vitro. Hence, we hypothesize that innate proteins in 
vivo are required to work in conjunction with these lipids in order to fully trigger 
CM formation. True to this hypothesis, there exist proteins in amoeba Chaos that 
are upregulated when CM are formed (Table 4.1). 
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During starvation, it is conceivable that certain protein levels are downregulated 
due to starvation-induced autophagic degradation (Stromhaug and Klionsky, 
2001). In view of starvation induced CM formation in the mitochondria of 
amoeba Chaos (Para), a few proteins elucidated are overexpressed in the isolated 
cubic mitochondria compared to tubular ones isolated from fed amoeba Chaos 
(Para) as shown in Table 4.1. 
 
The morphology of mitochondrial cristaeis proposed to be governed by a group of 
‘mitochondria-shaping’ proteins that share structural homology with dynamins, a 
large GTPases or belong to a set of ‘non-conventional’ proteins with less 
characterized function(s) (Okamoto & Shaw, 2005; Campello and Scorrano, 
2010).  Generally, in CM, majority of upregulated proteins are reported to be 
membrane-resident (Almsherqi et al., 2006). Hence, proteins correlated with CM 
formation are believed to fulfil the above condition(s). 
 
Proteins in Table 4.1 are localized to mitochondrial matrix, mitochondrial 
membranes or are not associated with the mitochondria. This is not surprising as 
the protocol for CM isolation do not account for 100% purification. Mitochondrial 
matrix proteins revealed here typically do not interact closely with the 
mitochondrial membranes and are thus less likely to reshape them to CM. 
Propionyl Co-A carboxylase is an enzyme for carboxylation of propionyl CoA in 
the mitochondrial matrix while malate dehydrogenase catalyzes the oxidation of 
malate to oxaloacetatereversibly during citric acid cycle events.  
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In contrast, the upregulated ATP synthase (Table 4.1) is found exclusively in the 
inner mitochondrial membranes.Besides being one of the most important enzymes 
involved in energy production, ATP synthase is, in the recent years, proposed to 
be involved ininner mitochondrial membrane curving (Strauss et al., 2008; Davies 
et al., 2012). Kulhbrandt’s group first showed that ATP synthase organizes itself 
into dimeric supercomplexes at the apex of cristae membranes and heightens their 
performance in energy production and this is correlated with highly curved 
membrane regions (Strauss et al., 2008). 
 
Further work in this light demonstrated using computer simulations unveiled that 
dimers of ATP synthase triggers a marked deformation of the surrounding lipid 
bilayer. The rows of ATP synthase dimers formed enabled highly curved regions 
in the mitochondrial cristae through a reduced membrane elastic energy rather 
than direct protein interactions (Davies et al., 2012). As such, it is tempting to 
relate overexpressed ATP synthase to a role played by overexpressed HMG-CoA 
reductase in UT-1 cells where crystalloid ER are induced in consequence (Chin et 
al., 1982). 
 
In a nutshell, this chapter revealed the importance of nutritional lipids from 
Paramecium in improving the survivability of amoeba Chaos during times of 
starvation. This phenomenon is observed in concert with the appearance of CM.  
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Lipid profiling of Paramecium revealed that plasmalogens might hold a 
significant role in CM formation and further investigation shows that plasmalogen 
lipids are indeed associated with membrane shaping in vitro. It is perhaps that in 
in vivo environment, lipids and proteins are both garnered to work together in 
order to fulfil CM transformation completely. Indeed, overexpressed proteins 
found in isolated CM, particularly ATP synthase might partake in CM formation, 
together with other important lipids.  
 
Besides the formation of CM, it is intriguing that CM transformation is 
accompanied by lowered mortality rate in amoeba Chaos. In this regard, further 
explorationon the relationship between CM and survivability of amoeba Chaos 

























AUTOPHAGY INDUCTION GIVES RISE TO CUBIC MEMBRANES 
FORMATION IN THE MITOCHONDRIA WHICH IN TURN PROTECTS 
THE MITOCHONDRIA FROM AUTOPHAGIC DEGRADATION 
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5.1 Introduction 
In this thesis, starvation triggers inner mitochondrial membranes transformation 
from tubular to cubic morphology in amoeba Chaos. Besides triggering CM, 
starvation is also well-known to be accompanied with autophagy induction. 
 
Indeed, reports relating organized membrane formation and autophagy biogenesis 
are scarce to date. Nevertheless, recent publications have shown interesting data 
of CM in relation to autophagy. Briefly, autophagy is a catabolic process where a 
cell breaks down its own constituents as nutrients to sustain cellular energy level 
for survival, especially during starvation (Stromhaug and Klionsky, 2001). In this 
respect, Kai Simons’ group has recently shown that by artificially dimerizing 
proteins, they are able to induce CM formation in the ER. Intriguingly, these 
membranes were sequestered by vacuoles carrying autophagic marker, LC3 
(Hailey et al., 2010). Indeed, here it seemed that such artificially induced CM are 
targeted by autophagy. However, whether the membrane structure is specifically 
targeted by autophagosomes or whether they are sequestered based on the fact 
that they appear foreign to the cells (due to articially dimerized proteins) remains 
to be investigated. 
 
Similarly, OSER was perceived as a well-ordered membrane structure that 
colocalizes with GFP-LC3 (autophagy marker) when LC3 is overexpressed in the 
cells (Korkhov, 2010). However, the role of OSER in this respect is indistinct.  
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It was shown that OSER membranes were not subjected to autophagic/lysosomal 
degradation and OSER was deemed an artifact that ‘traps’ GFP-LC3 (Korkhov, 
2009). Indeed, it appears that organized membrane structures have certain 
relationship with autophagy albeit their bona fide role is still not well-
characterized. 
 
In this thesis, in accordance to Chapter four,it is observed that during starvation, 
the mitochondrial inner membranes undergo a remarkable CM transition in 
amoeba Chaos if they are pre-fed with Paramecium multimicronucleatum.  These 
amoebae are able to survive for a long period of time (three to four weeks) under 
food withdrawal condition. In parallel, starvation typically triggers autophagy in 
eukaryotes. As amoebae are unicellular eukaryotes that exist since the 
Neoproterozoic Era, we are eager to understand if the interaction of both 
phenomena contributes to their great vitality. 
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5.2 Results 
5.2.1 Cubic membranes and cell survival are associated with autophagy 
Previously, we have shown that the induction of CM, either by starvation or lipids 
supplement, is associated with improved survivability in amoeba Chaos during 
times of starvation.In this chapter, the association of the presence of CMand  
amoebaChaos’survivability will be explored. In parallel, starvation also triggers 
autophagy. Hence, it is highly possible that CM might have a functional 
relationship with autophagy. 
 
5.2.1.1 Starvation induces autophagy and cubic membranes in amoeba 
Chaos(Para) 
Since CM are typically observed in amoeba (Para) during starvation, the next 
investigation aims to understand the changes in mitochondrial inner membranes 
morphology of amoeba and their relationship with starvation-induced autophagy. 
It is well-appreciated that starvation is the stimulant for autophagy in virtually all 
eukaryotes. Amongst eukaryotes, autophagy is marked by lipidation of LC3-I to 
LC3-II (Klionsky et al., 2012).  Indeed, this is also true for amoeba in response to 
starvation stress,where LC3-I is converted to LC3-II as indicated by western blot 
(Figure 5.1A). LC3-II is observed after one day of starvation and continues in a 
starvation time course of seven days.  
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Figure 5.1 Autophagy in starved amoeba Chaos indicated by LC3-II 
expression and LC3 punctae. (A) LC3-I lipidation to LC3-II; LC3-II expression is 
significantly upregulated during starvation. (B) Similarly, endogenous LC3-I is 
represented by homogenous spread of green fluorescence in the cytosol of a 
whole amoeba Chaos while (C) during starvation, LC3-I is lipidated to LC3-II as 
indicated by green fluorescence punctae when autophagy has occurred.  Three 
independent experiments were performed. Scale bars = 200µm. 
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Similarly, autophagy is also represented by formation of autophagosomes - 
indicated by endogenous LC3-II punctae fluorescence (Figure 5.1C) from 
homogenous LC3-I fluorescence in amoeba under starvation (Figure 5.1B). These 
data demonstrate the onset of autophagy in amoeba during starvation.  
 
Further observation of autophagy induction and CM formation indicate that 
autophagy is prevalent after a day of starvation (Figure 5.1A) whilst TEM 
micrograph shows significant CM transformation (in mitochondria) after 3 days 
of starvation (Figure 4.1 from Chapter four). This gives a first impression that 
autophagy might have occurred before CM formation is triggered.  
 
5.2.1.2 Inhibition of autophagy prevents cubic membranes formation 
In an effort to understand the relationship between autophagy and CM formation, 
amoebaChaos (Para) were pre-treated with autophagy inhibitor (wortmannin) 
before subjecting them to starvation stress. During this course of starvation, a 
dose of wortmannin was added to the treated amoeba daily so as to offset any 
possible metabolism of wortmannin by amoeba Chaos. 
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Figure 5.2 LC3-II expression in western blot indicating autophagy induction and suppression via starvation and 
wortmannin, respectively. (A) LC3-II expressions in amoeba Chaos (Para) pre-treated with wortmannin (+ additional 
dose per day of starvation) and subjected to starvation days: 1, 3, 5, 7, 10, 14 days as indicated. (B) LC3-II expressions 
in amoeba Chaos (Para) fed control and under 7-day starvation vs. wortmannin pre-treatment and 7-day starvation. The 
expressions of LC3II in (A) and (B) are further representedby bar graphs indicating LC3II/Actin band intensities ratios 
(actin is a loading control) in (C) and (D), respectively. The band intensities are measured using ImageJ software. Data 
are means (± S.D.) of three independent experiments with * P < 0.05. 
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Expectedly, autophagy is suppressed by wortmannin gradually from day one to 
day 14 of starvation, as indicated by LC3-II expression (Figure 5.2A and 5.2C). 
Suppression of autophagy is more prominent from day 10 to day 14. In order to 
ascertain that wortmannin is truly inhibiting autophagy, LC3-II from 7-day 
starved amoeba Chaos was used as a control compared to amoeba Chaos pre-
treated with wortmannin with subsequent starvation (seven days) (Figure 5.2B 
and 5.2D).  
 
Incidentally, mitochondrial membranes in starved amoeba Chaos (Para) that were 
pre-treated with autophagy blocker, wortmannin, ceased to rearrange into CM 
(Figure 5.3). It is evident that oppose to amoeba Chaos (Para) without 
wortmannin treatment (Figure 3.1), the mitochondrial membranes in cells with 
wortmannin virtually remain as tubular morphology from day one to day 14 of 
starvation (Figure 5.3A-F, respectively). Since it was reported that nearly 70% of 
mitochondria in amoeba Chaos (Para) will transform into CM after seven days of 
starvation (Deng et al., 1999), results here thus provide strong evidence that 
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Figure 5.3 TEMmicrographs of mitochondria in amoeba Chaos (Para) pre-
treated with wortmannin (autophagy inhibitor) under starvation. Mitochondrial 
membranes morphology in amoeba Chaos (Para) are observed on (A) 1st, (B) 3rd, 
(C) 5th, (D) 7th, (E) 14st day of starvation. Scale bars = 0.2µm. Three independent 
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5.2.1.3 Induction of autophagy pharmacologically induces cubic 
membranesformation 
To further verify that CM formation can be triggered via autophagy induction 




Figure 5.4 TEM micrographs and western blot data indicating that autophagy 
induction by rapamycin is accompanied by CM formation. (A) 1hr of treatment 
with rapamycin did not trigger any significant changes to mitochondrial 
membrane morphology (B) while rearrangement has seemingly occurred at 3hr of 
treatment. (C) At 5hr of treatment with rapamycin, CM are observed. Scale bars = 
0.2µm. (D) Western blot indicates suppression of phosphorylated S6-kinase 
(substrate of TOR), indicating the inihibition of TOR from 3hr of treatment with 
rapamycin. Similarly, LC3-II expression is significant from the same time point. 
Together, rapamycin-induced autophagy has occurred. Three independent 
experiments were performed. 
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Indeed, Figure 5.4 clearly demonstrated that CM is inducible by rapamycin and 
that rapamycin-induced autophagy has occurred in amoeba Chaos. The 
mitochondrial membranes of amoeba Chaos (Para)remained tubular after 1hr of 
treatment with rapamycin (Figure 5.4A) but started rearranging into convolution 
after 3hr (Figure 5.4B). At 5hr rapamycin treatment, mitochondrial membrane 
transform into a well-ordered lattice-like structure (Figure 5.4C). This inner 
mitochondrial membrane changes are accompanied by suppression of target or 
rapamycin (TOR), a well-known negative regulator of autophagy that has a 
centralized role in this phenomenon.  
 
Suppression of TOR is marked by the lowered expression of its direct 
phosphorylation substrate p70-S6K1 (ribosomal protein S6 kinase) also known as 
S6K in short. As indicated in Figure 5.4D, expressions of phosphorylated-S6K is 
gradually lowered, more significantly from 3hr to 7hr of rapamycin treatment. In 
parallel, LC3-II, marker for autophagy induction is also expressed in congruent to 
TOR suppression (reflected by phosphorylated-S6K expression). Taken together, 
it shows that induction of autophagy can also trigger CM formation in the 
mitochondria of amoeba Chaos (Para). Following the time points in Figure 5.4, it 
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5.2.1.4 Inhibition of rapamycin-induced autophagy prevented cubic 
membranes formation 
To further explore the relationship between autophagy and CM formation, 
rapamcyin-induced autophagy was blocked using autophagy inhibitor, 
wortmannin and the effect of CM formation is observed. 
 
 
Figure 5.5 TEM micrographs and western blot data illustrating the 
mitochondrial membranes organization in fed amoeba Chaos (Para) as (A) 
control and in (B) amoeba treated with rapamycin + wortmannin.Scale bars = 
0.2µm. The effects of rapamycin and wortmannin on autophagy are represented 
by (C) LC3-II expressions. The LC3II expressions are further representedby bar 
graphs indicating (D) LC3II/Actin band intensities ratios (actin is a loading 
control). The band intensities are measured using ImageJ software. Data are 
means (± S.D.) of three independent experiments with * P< 0.05. 
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Similar to previous observations with respect to CM and autophagy correlation, 
wortmannin sufficiently prevented the formation of CM. Mitochondrial 
membranes in well-fed amoeba Chaos (Para) without treatment serves as a 
control (Figure 5.5A) with well-reported tubular morphology (Daniels and Breyer, 
1968; Deng et al., 1999). Remarkably, when rapamycin-treated amoeba Chaos 
(Para) are treated with wortmannin (autophagy inhibitor), the mitochondrial 
membranes remain tubular in structure (Figure 5.5B). In this light, the effect of 
wortmannin on autophagy inhibition is distinct (Figure 5.5C and 5.5D). Hence, 
data thus far aptly demonstrated the necessity of autophagy induction prior to CM 
formation. 
 
5.2.1.5 Cubic membranes are not induced in amoeba Chaos (Tetra) 
It was previously shown (in Chapter four) that CM formation in amoeba Chaos is 
very much dependent on nutrition i.e. lipids from Paramecium. Since CM 
formation was not inducible in amoeba Chaos (Tetra) upon starvation, it is 
intriguing to understand if direct induction of autophagy through TOR inhibition 
can relate to this observation.  
 
Both amoeba Chaos (Para) and amoeba Chaos (Tetra) were subjected to 
rapamycin treatment (Figures 5.6A and 5.6B, respectively) and unsurprisingly, 
CM is induced in amoeba (Para) whilst mitochondrial membranes in amoeba 
(Tetra) remains in tubular morphology (Figure 5.6B).  
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To further verify the effect of TOR inhibition (autophagy induction) on CM 
transformation, another autophagy inducer, PP242 was introduced.  
 
 
Figure5.6 TEM micrographsillustrating the mitochondrial membranes 
organization in rapamycin/pp242-treated fed amoeba Chaos.(A) Rapamycin-
treated fed amoeba Chaos (Para) and (B) fed amoebaChaos (Tetra). (C) PP242-
treated amoeba Chaos (Para) and (D) amoeba Chaos (Tetra). Scale bars for (A), 




Similarly, PP242 triggered CM in amoeba (Para) as indicated by Figure 5.6C but 
not in amoeba (Tetra) (Figure 5.6D). This relates back to Chapter four where the 
triggering of CM - by either starvation or autophagy - is inept if the necessary 
precursors (Paramecium lipids) are unavailable. 
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5.2.1.6Survivability rate of amoeba Chaosdecreases when autophagy is 
blocked  
It was previously shown in Chapter four that triggering of CM formation 
correlates with improved survivability of amoeba during starvation. In this 
chapter, CM formation was demonstrated to be subsequent to autophagy 
induction. In addition to this, autophagy is well-appreciated to be a pro-survival 
mechanism (see review: Dalby et al., 2010).As such, this leads to further 
investigation of the effect of autophagy inhibition on the survivability of amoeba 
Chaos during starvation.  
 
As indicated in Figure 5.7, amoeba (Para) survives better than amoeba (Tetra) 
during a course of starvation up to 14 days. However, when both types of amoeba 
culture are treated with wortmannin, a significant drop in the percentage of 
surviving amoeba is noticeable from day five to day 14 of starvation. Looking 
closer at the data, it appears that the drop in percentage of surviving amoebae is 
not significantly different for both cultures treated with wortmannin. Hence, this 
suggests that autophagy induction is indeed necessary for cellular survival during 
long term starvation. Moreover, it is indicative that the lowered mortality rate 
(during starvation) of amoeba is likely to be attributed to the role of CM in 
autophagy and not to the differences in autophagy in amoeba (Para) and amoeba 
(Tetra) cultures. 
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In reminiscence of Chapter four, it is noteworthy that without the necessary 
nutrition, even when autophagy is induced, the mortality rate during starvation is 
still significantly higher in amoeba Chaos(Figures 4.2, 4.4 and 5.7). This suggests 
that nutrition is important for survivability of amoeba during starvation and 
indeed, this observation might be attributed to CM formationand its relationship 
to autophagy.  
 
To this end, a further step is taken to explore whether CM has arequisite role in 
autophagy that in turn assist in improved survivability of amoeba Chaos. 
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Figure 5.7 Comparison of the survival rate of wortmannin-treated amoeba Chaos (Para) vs. amoeba Chaos (Tetra) during 
starvation. Both types of cultures were starved up to 14 days and the percentage of cells that survived (normalized against day 0) is 
noted at interval time-points as stated in the figure. Amoeba Chaos (Para) and amoeba Chaos (Tetra) serve as control. Data are means 
(± S.D.) of three independent experiments with * P< 0.05.Note that the statistical significance represented by * shown on graph are for 
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5.2.2 Mitochondria with cubic morphology is protected from autophagic 
degradation during starvation 
It is thus far shown that CM formation might be a subset of autophagy induction. 
Following this scheme of thought, the fate of mitochondria with cubic 
morphology is explored in light of autophagy event i.e. degradation of cellular 
constituents, in particular, mitochondria. 
 
 
5.2.2.1 Cubic membranes appear in the mitochondria of amoeba Chaos (that 
feeds on Paramecium multimicromucleatum) under starvation and 
they persist under long term starvation 
 
 
Figure 5.8 TEM micrographs of mitochondria in amoeba Chaos displaying 
mitochondrial membranes transformation (to cubic morphology)during starvation. 
(A)These mitochondria with cubic morphology are observed after seven days of 
starvation and they persist after (B) 22 days of starvation. Scale bars = 
0.5µm.Three independent experiments were performed. 
 
 
Intriguingly, besides being induced by starvation, in parallel to autophagy, CM 
biogenesis seems to persist during long term starvation, up to 22 days (Figure 5.8). 
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Understandably, degradation of cellular components - including mitochondria – is 
inherently consequent to autophagy induction. To recapitulate, mitochondria with 
cubic morphology are related to lower mortality rate of amoeba during starvation.  
In this case,  since mitochondria is the primary source of energy production 
necessary for cellular survival, it is paramount to understand if the degradation of 
CM is significantly different from that in mitochondria with wild-type tubular 
structure. Here, amoeba Chaos (Tetra) where CM is not inducible by starvation is 
used as a negative control. 
 
 
Figure 5.9 Expressions of representative mitochondrial proteins (porin, 
succinate dehydrogenase/complex II and ATP synthase/complex V) and 
autophagic marker (LC3) during a course of starvation from one to seven days. (A) 
Mitochondrial proteins from amoeba Chaos (Para) that carry cubic mitochondria 
during starvation appears to be less significantly degraded compared to 
mitochondrial proteins from (B) amoeba Chaos (Tetra) where cubic mitochondria 
is absent during starvation. In both samples, autophagy has occurred from day one 
of starvation as indicated by LC3-II expressions. Actin was used as the loading 
control.Three independent experiments were performed. 
 
Strikingly, the degradation rate of mitochondria is unequivocally lower in 
mitochondria with cubic morphology during a course of seven days starvation. 
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Figure 5.9A represents the expressions of proteins over a course of seven days 
starvation in amoeba Chaos (Para) and interestingly, mitochondrial-specific 
proteins; outer mitochondrial membrane protein (porin) and inner mitochondrial 
membrane proteins (ATP synthase and Succinate dehydrogenase or Complex V 
and Complex II, respectively) expressions are not significantly lower over seven 
days of starvation. This indicates that the amount of mitochondria degraded is not 
drastic. This is surprising as starvation typically induces autophagy as represented 
by LC3-II expressions which is already significant from day one of starvation. To 
recapitulate, it is understood that autophagy usually brings about the removal of 
cellular constituents including organelles such as mitochondria. Since 
mitochondria are the main organelle to produce energy for sustaining life in 
amoeba, it might be possible that the clearance of mitochondria is slower than 
expected. However, the question is whether this is the normal cellular behavior of 
amoeba or is this phenomenon attributed to mitochondrial membranes 
reorganization to cubic morphology.  
 
To address this conjecture, the same treatment was performed for amoeba Chaos 
(Tetra) where CM transformation induced by starvation does not occur. Indeed, 
Figure 5.9B shows significant degradation of mitochondrial proteins during 
starvation, particularly from day three onwards. Autophagy induction is also 
apparent from day one of starvation. Taken together, it is highly possible that 
when mitochondrial membranes assume cubic morphology, they strangely 
‘escape’ from autophagic degradation. 
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5.2.2.2 Cubic membranes do not interact directly with lysosomes  
From literature, it was reported that pure water-lipid systems in vitro are able to 
assume cubic phases in the presence of low pH (Alam et al., 2011). In addition, in 
biological system, recent research work by McBride’s group revealed that 
mitochondrial depolarization is unnecessary for the delivery of mitochondria to 
the lysosomes and this is also independent of autophagy (Soubannier et al., 2012). 
Following this idea, the interaction between CM and lysosomes was investigated.  
 
Firstly, since cubic phase lipids transition is dependent on low pH, it was 
speculated that CM transformation might render them persistent in lysosomal 
milieu. However, it seems that mitochondria do not show distinct co-localization 
with lysosomes, indicating their degradation as expected if they are delivered to 
the lysosomes (Figures 5.10A-C).  
 
Secondly, further tests show that cubic morphology of mitochondria is neither 
sustained or protects them from low pH of lysosomes. The membrane integrity of 
isolated mitochondria with cubic morphology (Figure 5.10D) are perturbed after 
immersing them in the same isolation buffer (but with pH 4.7) (Figure 5.10E). In 
order to show that this observation is due to pH changes and not technical error, 
mitochondria without cubic morphology were isolated from amoeba and mouse 
liver tissue and subjected to the same treatment (Figures 5.10F and H).  
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Figure 5.10 Confocal microscopy images indicating the absence of 
mitochondria within lysosomes and TEM micrographs indicating the loss of 
mitochondrial membranes integrities when immersed in pH 4.7 (lysosomal 
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pH).(A) Fluorescent image of a whole amoeba Chaos (Para) under confocal 
microscope, immuno-labeled with mitochondrial-specific antibodies against porin 
(red) and (B) lysosomes-specific antibodies against LAMP-1 (green) and the 
images are (C) overlayed to examine co-localization. Scale bars = 200µm. (D) 
Isolated mitochondria with cubic morphology from amoeba Chaos  (control) lose 
their membranes integrity when immersed in pH 4.7 isolation buffer as 
represented in (E). Similarly, isolated mitochondria from (F) amoeba Chaos and 
from (H) mouse liver tissue lost their membrane integrity when immersed in their 
isolation buffer that is adjusted to pH 4.7, represented by (G) and (I), respectively. 
Scale bars = 0.5µm. Three independent experiments were performed. 
 
 
Indeed, the mitochondrial membranes are seemingly degraded to a certain extent 
when they interact with pH in the likes of lysosomes. In all, it appears that the 
lowered degradation rate of mitochondria with cubic morphology (Figure 5.9) has 
no direct relationship with the interaction between CM and lysosomes. 
 
5.2.2.3 Mitochondria with cubic morphology ‘escape’ from autophagosomal 
sequestration? 
In this thesis, it appears that the new proposition of direct delivery of 
mitochondria to lysosomes (Soubannier et al., 2012) is not correlated with the 
lower degradation rate of mitochondria (Figure 5.9). Nevertheless, it is believed 
that the significant difference in degradation rate of mitochondria with and 
without cubic morphology deemed CM transformation a phenomenon that is 
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Figure 5.11 Mitochondria and autophagosomes localization in 7-day starved amoeba Chaos(Para vs. Tetra) examined under 
confocal microscope. Mitochondria are represented by red fluorescence using porin antibodies and autophagosomes are represented by 
green fluorescence punctae tagged using LC3 antibodies. Yellow fluorescence indicates co-localization of mitochondria and 
autophagosome. (A) Amoeba Chaos (Para) immuno-labeled with porin (red) and LC3 (green) are compared to (B) Amoeba Chaos 
(Tetra) immuno-labeled with porin and LC3. Top horizontal panel indicates mitochondrial staining, middle panel indicates LC3 
staining whilst lower panel indicates an overlay of the top 2 images. Scale bars of figures with whole amoebae = 200µm and images 
magnified from region of interest (white box) = 20µm. Three independent experiments were performed. 
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Naturally, the involvement of autophagic sequestration is the next interest of 
study. Figure 5.11A demonstrated that during starvation, LC3-II punctae form in 
conjunction to autophagosomes formation in amoeba Chaos (Para). Notably, 
when CM forms, less mitochondria co-localize with autophagosomes. In contrast, 
Figure 5.11B shows that in amoeba Chaos (Tetra) where CM do not form in the 
mitochondria, significant co-localization of mitochondria with autophagosomes is 
observed. Therefore, it is most likely that the mitochondria that assume cubic 
morphology might have escaped from autophagic sequestration; hence less 
mitochondria are degraded during starvation. 
 
During autophagy, autophagosomes typically forms from an isolation membrane 
and encapsulates cellular constituents randomly. At present, it is unclear how CM 
can escape sequestration by autophagosomes. Nonetheless, in reminiscence of 
Chapter three, data suggests that the transformation of mitochondrial membranes 
from tubular to cubic morphology might alter the overall size of the mitochondria. 
Therefore, CM might have rendered the mitochondria too large for 
autophagosome sequestration (Takeshige et al., 1992; Table 5.2). 
 
The size of autophagosomes known to date ranges from 0.5 to 1.5 µm in 
mammalian cells and 500 to 900 nm in yeasts (Takeshige et al., 1992).  
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Indeed, from a total of 100 TEM micrographs, the examination of the sizes of 
mitochondria in amoeba Chaos with and without cubic morphology summarized 
in Table 5.2 concluded that the size of mitochondria typically expands to above 
1.5 µm (56%) when they assume cubic morphology whereas mitochondria with 
tubular morphology are typically around 1 µm in size.  
 
Table 5.1 The size of mitochondria observed in TEM micrographs (100) 
represented as a percentage of the total number of mitochondria of each type 
counted. 
Size 
≤1 µm > 1 µm >1.5 µm 
Mitochondria with cubic morphology 12% 32% 56% 
Mitochondria with tubular morphology 88% 12% 0% 
 
 
It is noteworthy that TEM micrographs depict the cross-section of mitochondria 
in a 2D plane. Therefore, the direction of cut might affect the observed size of the 
mitochondria since they are not perfectly spherical. Hence, a large number of 
TEM micrographs are used to show that CM are generally larger than their 
previous form (mitochondria with tubular morphology).Thus, this might account 
for the fact that mitochondria with cubic morphology escapes from sequestration 
by autophagsomes hence lowering their degradation rate during starvation when 
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5.2.2.4 Amoeba Chaosharboring mitochondria with cubic morphology 
renders a relatively higher amount of ATP produced during 
starvation 
Cellular survival is largely dependent on celluar energy in the form of ATP. To 
determine whether ATP production is also related to mitochondrial membrane 
transformation (to cubic morphology), ATP production is measured in both 
starved amoeba Chaos (Para) and starved amoeba Chaos (Tetra). 
 
Figure 5.12A suggests a comparatively sustained amount of ATP in amoeba 
(Para) during starvation when cubic mitochondria are present. Although ATP 
level drops during starvation, the percentage of ATP in amoeba (Para) is 
significantly higher than that in amoeba (Tetra) from day one to day seven of 
starvation. It is again emphasized that mitochondria only transform into CM in 
amoeba (Para). In fact, the amount of ATP did not drop significantly from day 
seven to day 14 of starvation (Fig. 5.12B). These ascertained previous results, 
giving a surrogate indication that mitochondria with cubic morphology retard 
their degradation (Figure 5.9) during starvation-induced autophagic degradation 
in order to produce more ATP to prolong amoebae’s survival (Figure 4.2) when 
there is an absence of food. 
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Figure 5.12 Bar graph representing ATP measured in starved amoeba 
Chaos,represented in percentage normalized against day 0 of starvation. (A) The 
decrease in percentage of ATP in amoeba (Para) during starvation is significantly 
lower than that in amoeba (Tetra). (B) The amount of ATP did not drop 
significantly from 7 to 21 days of starvation. Data are means (± S.D.) of three 
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5.3 Discussion 
CM are ubiquitously observed in cells from all kingdoms of life. Even though the 
exact molecular mechanism is unknown, their formation is typically associated 
with variousoverexpressed proteins (that are seemingly unrelated) or changes in 
membrane lipid compositions (Almsherqi et al., 2006; Mcmahon et al., 2005). On 
the other hand, the specific role(s) of CM in physiology is hitherto unexplored. In 
this respect, data in this thesis have shown that starvation-induced mitochondrial 
membrane transition to cubic morphology is associated with autophagy. 
 
Mitochondrial ultrastructure and morphological regulation is well-understood to 
be correlated or has a causal relationship with a plethora of cellular processes. 
Apart from energy production and apoptosis, much attention in the recent years 
falls on the association between mitochondria and autophagy. Autophagy is a 
catabolic process that breaks down and recycles cellular constituents or to 
promote cell survival by breaking down less prominent organelles and other 
cellular components to focus on major processes for cellular survival when there 
is a lack of nutrients (Stromhaug and Klionsky, 2001). Mitochondria can be 
degraded via autophagy or mitophagy. Whereas the former is a process that 
randomly sequesters cellular components which might include mitochondria 
(Stromhaug and Klionsky, 2001), the latter is a specific process for the 
elimination of this organelle (Youle and Narendra, 2011). Notwithstanding, the 
reshaping of mitochondrial membranes and its role and effect in autophagy is not 
well-determined. 
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Here, mitochondrial morphological change is revealed to be associated with 
autophagy, particularly their starvation-induced mitochondrial inner membranes 
transition to cubic morphology. In fact, we are probably one of the first to report 
the triggering of CM formation as a consequence of autophagy induction. More 
interestingly, it might seem that CM formation is a ‘subset’ of autophagy. Besides 
observing CM formation and autophagy induction by starvation (Figure 5.1), 
attempts to trigger autophagy via inhibition of TOR pharmacologically using 
rapamycin/PP242 stimulated the generation of CM in the mitochondria of amoeba 
Chaos (Figure 5.4). Similarly, inhibition of autophagy (by starvation/rapamycin) 
clearly prevented the formation of CM (Figures 5.3 and 5.5). As such, it is certain 
that CM is not only induced by starvation, but specifically by autophagy. 
 
Moreover, caloric restriction and autophagy are reported to be associated with 
longevity (Morselli et al., 2010; Yuan et al., 2012; Vellai et al., 2003; Tatar et al., 
2003; Powers et al., 2006; Lamming et al., 2012).In this regard, it is shown that 
the inhibition of autophagy increases the mortality rate of amoeba Chaos during 
starvation regardless of the presence of CM (Figure 5.7).  In this case, it seems 
that improved vitality of amoeba Chaos is not due to altered autophagy processes. 
In other words, during starvation, autophagy occurs as per norm for both amoeba 
Chaos (Para) and amoeba Chaos (Tetra). However, since CM is formed 
subsequent to autophagy, the role of CM in autophagy might be the key to 
improving the survival of amoeba during starvation. 
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Indeed, recent publications also suggest that mitochondrial shaping and autophagy 
have a close relationship (Gomes et al., 2011; Rambold et al., 2011). Previous 
work suggested that the mitochondria might have played a role in supplying 
membranes to autophagosomes formation (Hailey et al., 2010). However, it was 
not reported whether the morphological change of the mitochondria is after or 
during such an event. More recently, it was shown that during starvation, 
mitochondria elongates with more cristae forming and increased dimerizing of 
ATP synthase, hence increased ATP production (Gomes et al., 2011). Such a 
phenomenon is also associated with mitochondria being spared from 
autophagosomal sequestration.  
 
It is noteworthy that most of these reported data synchronize with that reported in 
this thesis where CM are less degraded by autophagy (Figure 5.9) and they are 
probably spared from autophagosomal sequestration (Figure 5.11) due to their 
enlarged size (Table 5.1). Indeed, this fact is also supported by the lack of co-
localization of mitochondria and lysosomes. The perturbed mitochondrial 
membranes in lysosomal pH condition in vitro (Figure 5.10) indicates 
mitochondria’s definite fate of degradation if they are fused with lysosomes 
during the final stage of autophagy. Also, not surprisingly, lesser mitochondrial 
degradation is accompanied with a relatively higher amount of ATP produced 
during starvation (Figure 5.12). 
 
- 164 - 
 
However, the distinct element is that the morphologies of CM and the elongated 
mitochondria reported (Gomes et al., 2011) are significantly different. In line with 
this research, Rambold et al. (2011) demonstrated that mitochondria can also be 
spared from autophagosomal degradation by forming tubular network. Therefore, 
it might be possible that mitochondrial membranes from different organisms 
reorganize in a non-specific yet non-detrimental manner with a same aim to 
decrease mitochondrial degradation and increase/sustain ATP production during 
autophagy/starvation. Consequently, this may aid in sustaining cellular activities 
and improve cell survival, especially when nutrients are scarce. 
 
On the other hand, the mechanisms of the reorganization of mitochondrial 
membranes might vary or are related in a pathway yet to be elucidated. For 
instance, CM formation in this thesis is related to the inhibition of TOR in 
autophagy albeit no direct interaction was demonstrated as yet, whilst elongation 
and tubular network formation of mitochondria are attributed to mitochondrial 
fusion (Gomes et al., 2011; Rambold et al., 2011). The relationship between 
autophagy (TOR) and mitochondrial fusion/fission (dynamin-related protein 1 
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To date, the mechanism of formation and distinct role of CM are not well-
understood. Hence, this thesis attempts to address these two issues using amoeba 
Chaos as a model system where CM are probably best characterized (Deng et al., 
1999; Almsherqi et al., 2009).  
 
6.1 Survivability of amoeba Chaos during starvation is determined by the 
CM formation which is nutrition (Paramecium lipids)-dependent  
Amoebae are unicellular eukaryotes that are conjectured to exist since the 
Neoproterozoic era (from 1000 to 541 million years ago) (Porter and Knoll, 2000; 
James et al., 2008). The great vitality of the organisms is impressive albeit the 
physiological aspect(s) contributing to this is not well-understood. Incidentally, in 
this thesis, one species of amoeba, Chaos carolinense are observed to thrive 
during long term starvation and their survival rate is dependent on their nutrition.  
 
Notably, starvation also induces the transformation of mitochondrial membranes 
to cubic morphology, termed CM (Landh, 1995; Deng et al., 1998). In this 
respect, this thesis suggests that long term feeding with Paramecium adapted 
amoeba Chaos to a certain nutrition that is necessary for their mitochondrial inner 
membranes transformation in times of starvation. Indeed, as shown in this thesis, 
plasmalogen lipids might be one of the key nutrition to promote CM formation. 
More importantly, it was shown that the induction of CM using lipids extracted 
from Parmaecium temporarily enhanced the survival rate of amoeba during 
starvation period.  
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It is emphasized that these amoeba Chaos are adapted to another food 
(Tetrahymena) and CM are not inducible in these amoebae upon starvation. 
Hence, this suggests a strong correlation between nutrition and CM formation and 
the effect of CM induction on the mortality rate of amoeba Chaos. 
 
This study might be one of the first to suggest a direct relationship between 
nutrition type and the ability of organism to withstand starvation stress condition. 
Although it was long understood that food intake plays a large part in 
strengthening the body of higher organisms, complexities and underlying 
mechanisms of such claim is not well-addressed. Nonetheless, scientists have 
uncovered various nutrients since the 20th century and identified nutritional 
standards and recommendations to food intake so as to prevent deficiencies and 
promote good health. In fact, nutritional supplements are advocated to optimize 
diets in order to improve the quality of life and increase life expectancies 
(Piccardi and Manissier, 2009). On the other hand, inadequate nutrition can lead 
to detrimental effects on health (Cannella et al., 2009). Moreover, the process of 
health and aging of an individual can be conditioned by modified nutritional 
status conditions (Solomons, 2000; 2002). 
 
Here, it is shown that the improved survivability of amoeba during starvation 
consequent to Paramecium lipids feeding is accompanied by the induction of CM 
formation. In order to trigger CM formation, membrane bending and curving 
might be the most prominent factors.  
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In this light, it is uncovered that plasmalogen lipids are present in significant 
higher levels and in much higher abundance in Paramecium compared to 
Tetrahymena. Plasmalogens are ether lipids, a subclass of phospholipids with 
vinyl ether bonds that are proposed to be membrane structural components with 
unknown ascribed function (Nagan and Zoerller, 2001; Gorgas et al., 2006; Moser 
et al., 2011; Braverman and Moser, 2012). 
 
Plasmalogen PC was reported to be higher in amoeba with cubic mitochondria 
(Deng et al., 2010), while plasmalogen PE and PC are found to be more abundant 
in their food; Paramecium. Also, omega-6 (C22:5) fatty acids (DPA) are 
demonstrated to be part of the elements in CM formation (Deng et al., 2010). It is 
noteworthy that CM is only inducible in amoeba that feeds on Paramecium. 
Strikingly, extracted Paramecium lipids added as nutrient supplement endowed 
amoeba Chaos (Tetra) with the ability to form CM during starvation. As such, the 
disparity in plasmalogens levels in both types of food organisms might suggest 
that they - in line with literature - truly have a structural role in biological 
membranes. In this case, they might play a role in CM formation.However, in 
vitro study using plasmalogen (18:0/22:6) only promoted multilayer lamellar 
lipids. Therefore, plasmalogens might require to work together with PUFA in 
order to induce membrane curvature. Synthesized plasmalogens with attached 
C22:5 fatty acids successfully curve lamellar lipids in vitro (Figure 4.9).  
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One question that remains is whether ingested plasmalogens from the nutrients 
(Paramecium lipids) are metabolized into other forms of nutrients that incorporate 
to mitochondrial membranes, rendering their reorganization or the plasmalogens 
are incorporated directly to the membranes. Plasmalogens are taken into the body 
as food and are widely allocated in animals and humans. Even though the role(s) 
of plasmalogensare not distinctly exemplified, their biosynthesis is well-
appreciated to involve cellular orgnanelles: peroxisomes and ER (Gitsham et al., 
1989; Hardeman and van den Bosch, 1989; Singh et al., 1993). An overview of 
plasmalogens (PC- and PE-plasmalogens) structure and biosynthesis is well-
summarized by Wallner and Schmitz (2011). In this thesis, it is shown that 
exogenous supplement of Paramecium lipids enable amoeba’s mitochondrial 
inner membranes to transform into CM. As such, pertaining to CM formation, it is 
believed that exogenous supply of plasmalogens takes precedence over de novo 
synthesis. 
 
However, the fate of ingested plasmalogens is largely unknown. Nevertheless, in 
in vitro experiments, it was shown that under simulated digestive lumens 
conditions, plasmalogen vinyl ether bonds show no degradation (Nishimukai et al., 
2003). If plasmalogens are not readily degraded upon ingestion, it is hence 
possible that they might be incorporated to the mitochondria and assist in their 
transformation to CM. In fact, more recently, it was uncovered that exogenous 
ether lipids primarily target the mitochondria (Kuershner et al., 2012).  
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In the same article, a new technique was reported on tracing exogenous ether-
lipids in the cells effectively (Kuershner et al., 2012). As such, this technique 
might be applicable for future investigation to accentuate the structural role of 
plasmalogen in CM formation. 
 
Besides, it was shown that feeding Paramecium lipids (one dose) to amoeba 
(Tetra) triggered a short-term CM formation and improved survivability during 
starvation, suggesting that continual supplementation of certain essential nutrients 
are required for boosting the health of amoeba. Incidentally, the half-life of 
plasmalogens are known to be short (approximately 3 hr for plasmalogen PE and 
30 minutes for plasmalogen PC). Thus, the quantity of plasmalogens in biological 
membranes can readily adjust according to changing nutrition and environment 
conditions (Rintala et al., 1999). It is therefore, tempting to speculate that a 
differing amount of plasmalogen targeted to the mitochondria might be one of the 
significant factors in determiningthe rearrangements of mitochondrial inner 
membranes. 
 
Despite the fact that plasmalogens are not able to impetuously reshape lamellar 
phase lipids to cubic morphology, it is believed that plasmalogens might be 
required to work in concert with other lipids or native proteins found in amoeba 
Chaos.Indeed, preliminary data denotes upregulated proteins in cubic 
mitochondria might be related to CM formation (see review by: Almsherqi et al., 
2006).  
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Since lipids, in particular plasmalogens might already be found on membranes, 
their interaction with proteins might be necessary to incite CM formation. On the 
other hand, the absence of necessary lipids on these membranes might deter CM 
formation by their associated proteins. 
 
Overexpressed ATP synthase drew attention in this thesis for it was also 
demonstrated by other publications that increased ATP synthase dimerization is 
associated with higher amount of ATP produced (Strauss et al., 2008; Davies et 
al., 2012) and increased curvature of mitochondrial membranes (Campenella et 
al., 2008; Gomes et al., 2011). In fact, during starvation-induced autophagy, it 
was reported that more mitochondrial cristae forms with elongated mitochondria 
(Campenella et al., 2008). Taken together, it is plausible that overexpressed ATP 
synthase proteins operate in conjunction with plasmalogen and PUFA in 
remodelling mitochondrial membranes to cubic morphology. In this regard, 
although it is reported here that ATP is sustained during starvation due to inept 
autophagosomal sequestration of mitochondria with cubic morphology, it might 
be interesting to understand if the increased amount of ATP produced (when CM 
are formed) is also attributed to increased ATP synthase dimerization and hence 
theirmembrane shaping function. In addition, whether extensive ATP synthase 
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6.2 Relationship between autophagy and cubic membranes formation 
More notably, CM formation might have a close relationship with autophagy. 
Besides being triggered in parallel by starvation, it is shown that induction of 
autophagy by inhibiting TOR could also cause CM formation. CM is particularly 
inducible only in amoeba (Para) and not amoeba (Tetra), further implying that 
exclusive nutrition from Paramecium is a prerequisite for CM formation. 
Moreover, blocking autophagy by inhibiting class III PI3K prevented CM 
formation. At present, due to the lack of elucidated genome of amoeba Chaos, the 
exact molecular mechanism underlying such relationship is rendered difficult. 
Nevertheless, it was very recentlydemonstrated that CM formation and autophagy 
might be related through the product of PI3K i.e. phosphatidylinositol 3-
phosphate (PtdIns3P or PI3P) (Amoasii et al., 2013). 
 
PI3P is a phospholipid found in cell membranes and is a product of class III PI3K 
converted from PI (Gillooly et al., 2001). Recently, Amoassi et al. (2013) 
uncovered that myotubularin activity involving PI3P is the key in promoting CM 
formation in the sarcoplasmic reticulum. In this work, PI3P was absent in flat 
sheets of membranes and enriched in CM domains. Prior studies suggested a 
correlation between PI3P and membrane curvature (Axe et al., 2008; Hamasaki 
and Yoshimori, 2010) and surmised the attribution of the creation of omegasome 
by curving ER membranes to the accumulation of PI3P on the ER (Axe et al., 
2008).  
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Omegasomes are denoted to be involved in the genesis of autophagosomes which 
initializes autophagy. Also, Class III PI3K and autophagy protein Atg14 were 
suggested to be involved in generating and stabilizing the omegasomes (Fan et al., 
2011). 
 
If the above proposition is true, it might be possible that CM and autophagy 
induction are involved in an interplay relationship. However, key protein(s) that 
regulate CM formation is not well-established to date. Otherwise, manipulating 
CM formation would be possible to further understand any effect(s) of CM 
formation on autophagy. As such, finding the key protein responsible for CM 
formation is the vital to this end. 
 
Apart from autophagy-related lipids, it is intriguing whether autophagy-related 
proteins are involved in CM formation. Data in this thesis shows that inhibition of 
TOR induces CM formation (Figures 5.4 and 5.5). The potential of autophagy-
related proteins in membrane shaping are not investigated in this thesis but will be 
discussed here based on current and relevant publications.  
 
In autophagy, the serine/threonine kinase, TOR or mTOR (mammalian target of 
rapamycin) is well-studied and commonly referred to as the negative regulator of 
autophagy. During starvation-induced autophagy, it is believed that TORC1 is 
inhibited which in turn induces the activation of autophagy-related proteins (atg 
proteins) and autophagosome formation.  
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Some studies suggest that localization of TOR is predominantly cytoplasmic 
(Averous and Proud, 2006; Proud, 2007), while some investigations show that this 
protein is also associated with ER, Golgi(Drenan et al., 2004) and mitochondrial 
membranes (Desai et al., 2002). Additionally, this protein also may shuttle 
between the nucleus and cytoplasm (Rosner and Hengstschlarger, 2012). While 
localization of TOR remains controversial, it is striking that in cells under osmotic 
stress, TOR localizes to mitochondrial membranes (Desai et al., 2002) (CM in this 
study appears in the mitochondria). In the light of proteins involved in curvature 
of membranes, TOR does not appear to harbor potential traits of inducing ordered 
membrane transformation; TOR was not reported to carry an amphipathic helix 
(see Chapter one for more information). Although the amino terminus of TOR 
contains of several HEAT tandem repeats (Hay and Sonenberg, 2004; Bhaskar 
and Hay, 2007) that anchor TOR to the plasma membrane, this kinase might be 
implicated in protein-protein interactions instead of inducing membrane curvature 
directly (Chook and Blobel, 1999; Vetter et al., 1999; Kunz et al., 2000). 
 
On another note, studies in yeast, flies and mammalian cells have shown TORC1-
TORC1 and TORC2-TORC2 are likely to form homodimers. In the same regard, 
it was shown that weak transient interactions between proteins on opposing 
membranes can also induce CM (Wullschleger et al., 2005; Wang et al., 2006; 
Zhang et al., 2006).Therefore, TOR might have an indirect role in curving 
membranes by interaction with proteins.  
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It is interesting to note that autophagy-related proteins might be related to 
curvature of membranes. One example can be Barkor/atg14L (mammalian atg14 
homologue) which was demonstrated to sense the curvature of membrane and 
target the autophagosome through BATS domain that consists of an amphipathic 
alpha helix. The BATS domain is essential for the function of Barkor/Atg14(L) in 
autophagy activation (Fan et al., 2011). In addition, Atg9 was reported to cycle 
between the PAS and the peripheral pool, co-localizing to mitochondria (Reggiori 
et al., 2005) and Golgi (He and Klionsky, 2007). Although it was proposed that 
cycling of Atg9 is facilitated by the interaction of Atg9 with multiple binding 
partners, the function of Atg9 is not known (Webber and Tooze, 2010). Atg5 
which is essential in recruitment of LC3 to autophagosomes was also found to 
localize to the mitochondria (Kornmann et al., 2009). To date, it was only 
reported that autophagy-related proteins localize to membranes. At our best 
knowledge, the ability of these proteins in modulating curvature of membranes 
directly was not formally shown. 
 
On the other hand, autophagy-related proteins might have an indirect relationship 
with CM formation. Previous publication noted that during autophagy, 
mitochondrial fission proteins (DRP1) are inactivated in conjunction with the 
elongation or tubular network formation of the mitochondria which prevented 
their autophagosomal sequestration (Campella et al., 2008; Gomes et al., 2011). 
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In these articles, mitochondrial fission and fusion are perpetually occurring and 
the disruption of equilibrium between these two processes will cause one event to 
predominate. Usually, fission proteins DRP1 are shown to target to the 
mitochondria. However, when DRP1 is phosphorylated to inactivation, they 
remain in the cytosol, in turn allowing mitochondrial fusion process to take over. 
This event allows mitochondrial cristae to proliferate and produce more ATP 
whilst escaping autophagosomal sequestration for degradation during autophagy. 
Although similar downstream events (escaping autophagosomal degradation and 
increased ATP production) are observed in this study involving CM formation, 
the role of DRP1 in this light requires further investigation (see appendix, Figure 
A2).  
 
Presently, the direct interaction and functional relationship of TOR and DRP1 is 
not known. Despite this, it was reported that mitochondrial fission should take 
place before the mitochondria are sequestered by autophagosomes during 
autophagy (Twig et al., 2008). Therefore, it might be true that inhibition of 
mitochondrial fission will prevent autophagic degradation of mitochondria that 
forms tubular networks or elongated shape. In contrast, this thesis has formally 
shown that inhibition of TOR induces CM, suggesting a dissimilar mechanism of 
mitochondrial membrane transformation during starvation. 
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6.3 Cubic membranes induced in mitochondria during autophagy 
‘protect’ them from degradation and in turn enhanceChaos’ survival 
during starvation 
Besides nutrition determining CM formation, nutrition also regulate the 
survivability of amoeba Chaos during starvation. This study proposes that the 
lower mortality of amoeba during starvation is attributed to CM formation. 
 
Indeed, autophagy is induced in parallel to CM formation during starvation and it 
is uncovered here that CM formation is subsequent to the induction of autophagy 
through TOR inhibition. Although autophagy induction is purported to be related 
to longevity (Morselli et al., 2010; Yuan et al., 2012; Vellai et al., 2003; Tatar et 
al., 2003; Powers et al., 2006; Lamming et al., 2012), our experimental data 
suggest that when autophagy is induced in the destructive/catabolic perspective, 
CM works to improve amoeba’s survivability.To recapitulate, the inner 
mitochondrial membranes of Chaos transform into CM upon starvation (Deng et 
al., 1999). In this thesis, it is further revealed that CM formation prevents 
autophagic degradation of the mitochondria via autophagosomal sequestration. 
This might be accredited to CM formation which might have resulted in the 
change in size of the mitochondria. 
 
As mentioned, the shape and ultrastructure of mitochondria are determining 
factors for a wide variety of physiological processes and also in pathology. Most 
studies focus on the biochemical effect(s) of mitochondria and cellular processes.  
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Here, it is speculated that the physical aspect of science might be important in 
understanding the effect ofreorganized mitochondrial membranes to CM; 
rendering a functionalrelationship to autophagy. In relation to cubic morphology 
in the mitochondria, in vitro investigations on cubic phases show that the shape of 
CM might have increased the water activity around it (Bouligand, 1990).It is 
noteworthy that the interactions between biological molecules and water might 
affect the dynamics, structure and functions of biological systems (Fukuma et al., 
2007). 
 
Furthermore, data shown in Chapter three of this thesis suggests that even though 
cubic morphology does not alter the ‘health’ and function of the mitochondria, 
observed ‘porous network’ might have formed consequent to this membrane 
transformation (Almsherqi et al., 2007). These ‘porous network’ might allow the 
influx of water that effectively enlarges the mitochondrial size through expanding 
the space created between the CM membranes where lanthanum nitrate stains (see 
Chapter three). This hypothesis is further corroborated by the osmolarity effect on 
isolated CM where altered sucrose concentration in the isolation medium did not 
alter the morphology and membrane integrity of CM (manuscript 
submitted).Thus, this might account for the observed larger sizes of mitochondria 
when their membranes transform from tubular to cubic morphology (see Chapter 
five). Aforementioned size of CM is significantly larger than the size of a typical 
eukaryotic autophagosome which might suggest the reason for the lesser 
degradation of mitochondria during starvation-induced autophagy. 
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An important question remains to be answered in the above theoretical claim. The 
identity of the ‘porous network’ observed during CM formation is unclear. With 
present knowledge, the spaces created belong to either the mitochondrial matrix 
or the cytoplasm. In reminiscence of the aforementioned ATP synthase 
dimerization and CM formation, ATP synthase are found in the inner 
mitochondrial membranes and cytoplasmic dimerization is conceivably difficult.  
 
Therefore, space between the two tightly apposed membranes might be matrix 
instead of cytoplasm (Deng et al., 1999).  Further analysis revealed that inner 
mitochondrial membranes are not contiguous with that of the outer membrane of 
CM (see Chapter three). Hence, it remains difficult to reconcile the observation 
where the lumen created by cubic morphology in the mitochondria interacts with 
the cytosolic space. Although it is topologically plausible for such spatial 
connectivity, the biological role of canonical mitochondria - in regards to their 
structure and function - implicated renders such a whim unorthodox. 
 
Besides producing energy, another prominent event that involves the 
mitochondria is apoptosis. Apoptosis essentially refers to cell death where 
mitochondria permeabilization occurs. Presently, the prominent factorcontributing 
to mitochondria permealization to this end is the mitochondrial permeabilization 
transition pore (mPTP) in the inner membrane (Kinnally et al., 2011).  
During this event, the swelling of mitochondrial matrix is imminent and rupturing 
of outer mitochondrial membranes is often associated with mPTP (Singh et al., 
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2009).  A transient depolarization of the mitochondria and the release of 
cytochrome complex (cytochrome c) through mPTP also occur (Luetjens et al., 
2000). Cytochrome C are associated with the inner mitochondrial membranes and 
are released from the mitochondria during apoptosis, hence it can be regarded as a 
marker for cell death. In this thesis, although the phenotype of CM might be 
purported to be related to mPTP and apoptosis, we emphasize that the outer 
mitochondrial membranes of CM are intact and these mitochondria are not 
depolarized. Nonetheless, the relevance of mPTP event and cytochrome c in CM 
transformation requires further investigation. 
 
  




In this work, amoeba Chaos cultures are used as model systems. Although 
amoeba Chaos do not require sterile living conditions, unlike cancer or 
immortalized cell cultures, growth rate of amoeba Chaos is slower even though 
they divide by fission. Also, they appear to be fastidious about living in a clean, 
algae-free environment with non-competitive living organisms (for food). Rearing 
these organisms requires meticulous techniques and careful attention. 
 
In addition, the number of cells required per experiment is large. Therefore, our 
experiments are designed to utilize less number of cells and to prioritize 
experiments that use whole amoeba cells rather than isolated cubic mitochondria/ 
lipid extractions. However, we emphasize that this design do not compromise the 
quality of our results in answering important scientific questions.  
 
Although cubic membranes (CM)/ highly ordered membrane organizations are 
found in mammalian cell lines, these membranes are not ubiquitous throughout 
the whole cell and the method of isolating these membranes are not established. 
On the contrary, CM found in the mitochondria of Chaos the best characterized 
CM thus far. As mentioned, each Chaos carries up to approximately 500,000 
mitochondria (Scheffler, 2008). Additonally, we are able to successfully preserve 
the cubic organization of isolated mitochondria from Chaos.  
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As amoeba Chaos is not a conventional cell model used for biochemical assays, it 
is always a challenging task to search for suitable antibodies for immunological 
studies (e.g. western blot) and to find the optimum chemical 
concentrations/conditions for amoeba. However, by understanding the nature of 
amoeba, we are slowly able to overcome these problems. For instance, amoeba 
has a thick outer membrane which might be a feature to allow them to adapt to 
their natural habitat (pond, soil). This renders penetration of materials through 
their cell membranes more difficult than in mammalian cells. By using optimized 
amount of digitonin (a detergent that effectively water-solubilizes lipids) that 
permeabilize Chaos while not killing them, we are able to introduce drugs and 
chemicals to the cell model.  
 
Although it might be questionable whether results obtained from amoeba Chaos, a 
unicellular organism can be extrapolated to mammalian/human cells, we highlight 
that amoeba are still eukaryotes and in this study, both mitochondria and 
autophagy are well-conserved amongst species.   
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Figure 6.1 Flow chart with summarized findings in this thesis. Mitochondria 
in amoeba Chaos that are fed with Paramecium or extracted lipids from 
Paramecium transform to CM upon starvation. The CM morphology protects the 
mitochondria from autophagosomal sequestration and prevents their degradation. 
These results in a higher amount of ATP sustained in amoeba Chaos during 
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Figure 6.1 summarizes the main findings of this study. Briefly, this study has 
addressed the following points: 
1. The ultrastructure of CM indicated interesting porous network on the 
surface of CM besides inner cubic network morphology 
2. Essential lipids and possibly overexpressed native proteins play important 
roles in starvation-induced CM  
3. CM formation is associated with autophagy biogenesis where the latter 
affects the transformation of mitochondria to CM 
4. Cubic morphology transformation in the mitochondrial inner membranes 
appears to protect the mitochondria from autophagosomal sequestration  
 
In summary, this study has revealed the importance of specific nutrients beyond 
DPAthat confer amoeba Chaos with higher survivability when food supply is 
absent.Additionally, these nutrientsfrom their food (Paramecium lipids, possibly 
plasmalogens) are important for the induction of CM formation in the 
mitochondria during starvation. 
 
Further investigation suggests that the lower mortality rate of amoeba during 
starvation is attributed to the formation of CM. The latter is closely associated 
with starvation-induced autophagy where catabolism of cellular constituents 
occurs. Interestingly, CM has a functional relationship to autophagy where 
induction the latter triggers the formation of CM. In addition, cubic morphology 
of the mitochondria reverts to tubular structure when autophagy is inhibited. As 
mitochondrial inner membranes transform from tubular to cubic morphology, this 
morphological transition had probably induced enlarged mitochondrial ‘particles’, 
rendering autophagosomal sequestration difficult.  
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As such, the number of mitochondria degraded during starvation-induced 
autophagy might be lessened and with that, more ATP are produced to sustain 
cellular processes in amoeba and increase their survival rate.  
 
Indeed, further investigation on the specific types of nutrient required for CM 
formation would serve to allow greater understanding of the nutrition required for 
a stronger vitality in eukaryotes, including higher organisms and humans. Current 
work also requires future investigation on underlying molecular mechanisms of 
CM formation and their detailed role in assisting mitochondria to escape from 
autophagic degradation. To this end, elucidating protein(s) that govern the 
formation of CM might be the first important step. In addition, uncovering the 
genomic profile of amoeba Chaos might assist in identifying unknown 
upregulated proteins that associate with CM formation. Through this extensive 
research, CM formation can be manipulated through knockdown and/or 
overexpression of relevant proteins in the effort of investigating the mechanisms 
CM formation that might implicate autophagy. Furthermore, signaling proteins 
relating CM and autophagy might be present, providing more information on CM 
formation and autophagosomal sequestration suggested in this thesis. 
 
In conclusion, my work suggests a direct relationship between the type of 
nutrients and the ability of an organism to withstand stress condition. This 
observation is most likely to be attributed to the membrane transformation of the 
mitochondria. Further investigation might be able to extrapolate the importance of 
lipid supplements (plasmalogen) in boosting the health of mammalian cells. 
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Table A1 Downregulated proteins in mitochondria with cubic morphology, 
isolated from starved amoeba Chaos (Para), elucidated using iTRAQ analysis. 
Data are tabulated from three independent experiments with *P < 0.05. 
Accession 





Q27182 Trichocyst matrix protein T4-A PARTE 9 0.272 0.00112 
P69152 Histone H4 TETTS 4 0.241 0.00069 





TRYBB 2 0.766 0.0239 
Q27238 ADP,ATP carrier protein 1 ANOGA 3 0.359 0.0005 
* Average ratio is represented by Starved amoeba Chaos (Para)/ Fed amoeba 
Chaos (Para) 
 
